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CHAPTER 1 
 
Introduction 
1-1. GENERAL INTRODUCTION 
 
Combining properties of organic and inorganic compounds in a material has been 
extensively investigated to develop high-performance, multi-functional materials.  The 
syntheses of inorganic/organic hybrid materials by a wide variety of synthetic 
approaches have been reported, and the resulting hybrid materials have become an 
expanding field of investigation (Eckert and Ward (ed.), 2001). 
Silicone (organopolysiloxane) is considered as a promising component of the 
hybrid materials.  Compared with organic polymers, silicones have following features; 
(a) the binding energy of siloxane bond Si-O (106 kcal/mol) is greater than that of the 
C-C bond (85.2 kcal/mol), (b) the siloxane bond has both organic and inorganic 
characters due to its ionic character by half (Table 1-1-1), (c) the siloxane bond rotates 
easily due to the longer bond length and the lower electron density in the presence of the 
side organic groups, relative to the C-C bond.  Accordingly, silicones are mechanically 
flexible and have reactivity and organophilicity.  In addition, silicones have good 
physicochemical stabilities (heat and water resistant), biological affinity, and optical 
properties, so that they are one of the key functional materials in modern industry.  
These characteristics of silicones made the silicone-based chemistry an active field of 
research.  Besides the uses of neat silicones, the thin layers of organosilicone on solid 
surfaces have been investigated as functional films for such purposes as protecting 
layers of solids. 
2 
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As the inorganic constituent of inorganic/organic hybrid materials, nanoparticles 
have been attracted considerable attention because of their useful and tunable properties, 
such as optical, electronic and catalytic ones, differ from those of corresponding 
macrocrystalline forms (Weller, 1993).  In the present thesis, titanium oxide, iron 
oxide and zinc oxide were chosen because of their functionality, versatility and the 
environmental affinity.  In addition, metal oxides have been used as the pigments and 
the ultraviolet (UV) ray filters in the cosmetic products, which is the main target 
applications of the present study.  The surface modification of the metal oxides with 
organic substances and silicones has already been conducted for the purposes of 
improving the dispersibility, the chemical stability, water and oil resistant and the 
sensory characteristics.  Detailed characterizations of the modified oxides and the 
variation of the hybrid composition are still worth conducting toward superior 
performances. 
 
 
Table 1-1-1. Bond length and ionic character of Si-X and C-X bonds 
Element (X) Bond length (Å) Ionic character (%) 
 Si-X C-X Si-X C-X 
Si 2.34 1.88 — 12 
C 1.88 1.54 12 — 
H 1.47 1.07  2  4 
O 1.63 1.42 50 22 
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Various structures are assumed for the hybridization between the metal oxides 
and the organic substances.  There are two main structures when the morphology of 
the metal oxide is limited as a particulate form; one is the structure consists of organic 
matrix and dispersed metal oxide particles, and another is the so-called core-shell 
structure in which the metal oxide particle is coated by the organic substance and vice 
versa (Figure 1-1-1). 
In the former case, as shown in the Figure 1-1-1(a), each isolated metal oxide 
particles/domains are “fixed” in organic solid (matrix).  In other words, the metal 
oxide domains and the organic domains are mixed homogeneously at a certain size 
range.  The size of these domains might vary from nanometer to micrometer scale, and 
the concentration of the metal oxide domains also vary depending on the synthetic 
methods and conditions.  These parameters are critical to determine the properties of 
the hybrid materials.  In the latter case, as shown in the Figure 1-1-1(b) and (c), the 
core particle is encapsulated or surrounded by the shell substances.  This thesis will 
focus on the (b) type core-shell particle, because the (c) type may be relatively rare in 
relation to the functionalization of the metal oxides.  In the (b) type core-shell particle, 
the core particle of nanometer to micrometer sizes could be coated by the organic shell 
ranging from molecular to micrometer level in the thickness. 
The hybrid materials of the structure shown in the Figure 1-1-1(a) have been 
developed by the reinforcement of inorganic fillers into organic polymers 
conventionally.  In order to meet the demand for the improved performances such as 
4 
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<Cross-sectional projection> 
Core-Shell Structure Homogeneously 
Hybridized Structure 
(c) (b)(a)
 
 
 
 
Figure 1-1-1. Schematic illustrations of the metal oxide/organic hybrid materials. (a) metal 
oxide particles dispersed in the organic matrix, (b) a core-shell particle 
consisting of metal oxide particle - core and organic - shell, (c) a core-shell 
particle consisting of organic - core and metal oxide particles - shell. 
(The 3D figures were provided by Mr. Kenichi Tanaka of KOSÉ Corporation.) 
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transparency, the reduction of the size of the metal oxide particles/domains in the hybrid 
materials has become an important issue.  Among possible synthetic methods for the 
hybridization, the sol-gel method is a promising way to access inorganic/organic hybrid 
materials in which both of the constituents are hybridized at nanometer scale.  The 
sol-gel process, which is used mainly in inorganic polymerization reactions, is a method 
initially used for the preparation of inorganic materials such as glasses and ceramics of 
high compositional purity.  Its low-temperature processing characteristic provides 
unique opportunities to make inorganic/organic hybrid materials of precisely controlled 
composition.  Such inorganic/organic hybrids prepared by the sol-gel method, termed 
“CERAMERs” (Wilkes et al., 1985) or “ORMOCERs” (Schmidt, 1990), have been 
intensively investigated. 
The core-shell particles composed of metal oxide core have also been widely 
investigated.  There are numerous combinations and dimension of core/shell structures, 
and synthesis methodologies (Ogawa, 1998, Schmidt, 2004, Caruso, 2001).  The 
application of the core-shell particles has been expanded from traditional industrial uses 
such as pigments and fillers to advanced application including the so-called “nano-bio 
materials”.  The coating of metal oxide particles with silicones has been conducted by 
using the silicones with reactive groups.  Typical such materials are monomeric 
silicones with reactive groups which are called “silane coupling agents” and silicones 
having hydrogen groups, which are used to decrease aggregation, improve dispersibility, 
and change the surface from hydrophilic to hydrophobic. 
6 
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In this thesis, above two types of the hybridizations between metal oxides and 
silicones were investigated from viewpoints of the functionalization both of the metal 
oxides and the silicones.  The first one was titania/poly(dimethylsiloxane) (PDMS) 
hybrid in which titania and PDMS domains were hybridized homogeneously in 
nanometer scale.  The titania/PDMS hybrids were synthesized as spherical particles 
and films by the sol-gel method (and co-precipitation method).  The second one was 
ellipsoidal hematite/silicone core-shell particles.  Monodispersed ellipsoidal hematite 
particles were coated with silicones by using silane-coupling agents in the presence of 
surface active agents.  The last one was also a core-shell particle, where the core was 
zinc oxide nanoparticles and the shell was the titania/PDMS hybrid.  This is a new 
class of hierarchically designed hybrid material.  The nanoscopic structures and 
macroscopic morphologies, and the properties of the obtained hybrid materials were 
investigated. 
7 
1-2. Metal oxide/organic polymer (oligomer) hybrid materials: hybrids including 
 the metal oxide particles or phases dispersed homogeneously in the matrix 
 
1-2-1. Reinforcement of inorganic fillers into polymeric materials 
 Reinforcement of the polymer materials has long been conducted by mixing and 
dispersing the inorganic fillers/particles.  In such materials, various synthetic routs 
have been conducted to control the aggregation of the inorganic particles and the 
interaction between the polymer matrix and the inorganics, since these factors determine 
the performance of the materials.  Surface modification of the inorganic particles by 
alkoxysilanes (so-called “silane coupling agent”) is one of the most effective means to 
improve the dispersibility of them.  Organic groups including alkyl groups are 
introduced to the surface of the inorganic particles by the reaction between the alkoxy 
groups of the alkoxysilane and the hydroxy groups of the surface of the particles, which 
decrease the cohesive characteristics of the particles and increase the affinity to the 
polymer matrix through the organophilic interaction. 
 As to the silicone-based materials of such composite, silicone elastomers with 
improved strength have been prepared by using fumed or precipitated silicas as the filler.  
It has been reported the increase of the tensile strength, the tearing strength, and so on 
(Kraus, 1965).  Recently, spherical colloidal silica particles of nanometer size or 
partially aggregated “necklace-like” colloidal silica particles have been used as the 
fillers (Chao et al, 2003).  These silica particles were surface-treated by chlorosilanes 
8 
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or disiloxanes in aqueous suspensions in the absence of the aggregation of the particles 
(Figure 1-2-1(a)).  They reported that the material with improved mechanical 
properties and optical transparency was obtained by dispersing these surface-modified 
silica particles into the silicone elastomer (Figure 1-2-1(b)). 
 
 
(a) 
    
(b)
 Figure 1-2-1. (a) TEM micrograph (magnification: 100,000) of silylated and 
spray-dried Nissan ST-PS-S colloidal silica. (b) Microtomed TEM of 
cured elastomer filled with 28 wt% silylated and spray-dried Nissan 
ST-PS-S colloidal silica. 
 
 
 
1-2-2. Inorganic/organic hybrids prepared by sol-gel method 
 Advanced designs and synthetic methods of the composite materials have been 
developed since not only the physical properties such as strength, hardness and 
toughness but also the optical and electrical properties have been required for the 
9 
materials.  When a composite material, in which the inorganic particles/phase are 
dispersed in the polymer matrix, is required to be optically transparent, the size of the 
inorganic particles/phase must be nanometer scale.  Generally, when inorganic 
particles are added to an organic polymer with different refractive index, the material 
becomes opaque due to the light scattering at the interface of the particles and the 
matrix.  However, if the size of the particles is much smaller than the wavelength of 
visible light, the material will be transparent in the visible region.  Assuming that the 
inorganic particles are spherical, the reduction of light intensity due to scattering is 
given by the following equation, in which I0 and I are the intensity of incoming and 
transmitted light, respectively, x is the optical path length, Vp is the volume fraction of 
particles, r is the particle radius, λ is the wavelength of the light, and np and nm are the 
refractive indices of the particles and matrix, respectively. 
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In the absence of refractive index matching, scattering losses of the light will be 
negligible in case that the size of inorganic particles/phase x is smaller than the 
wavelength of light.  Furthermore, it is apparent that the functions of the 
10 
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inorganic/organic materials are greatly affected by the interaction between the inorganic 
phase and the organic phase.  Therefore, for certain materials, the performance will be 
maximized when the domain sizes of the each phase reduce to nanometer scale, which 
resulted in significant increase of the interface ratio to the bulk. 
 Sol-gel method is the promising way to hybridize metal oxides with organic 
polymers homogeneously in nanometer scale.  There have been many investigations of 
the inorganic/organic hybrid materials by the sol-gel method since mid 1980s.  The 
sol-gel method was originally developed as a fabrication technique of glasses and/or 
ceramics at low temperature.  The method includes following three steps; (1) a 
solution of inorganic or organic metal compound is hydrolyzed and condensed, which 
leads to the sol formation including the metal oxide or hydroxide, (2) the sol is allowed 
to react further and transformed to the gel, (3) amorphous, glass or polycrystal materials 
are obtained by the heat treatment of the gel.  A synthesis of silica glass by using a 
silicon alkoxide is a typical example for the sol-gel method, which is shown by the 
following reaction scheme. 
 
♦ Hydrolysis 
 Si(OR)4  + H2O ↔ (OH)Si(OR)3 + ROH 
 (OH)Si(OR)3 + H2O ↔ (OH)2Si(OR)2 + ROH 
 (OH)2Si(OR)2 + H2O ↔ (OH)3Si(OR) + ROH 
 (OH)3Si(OR) + H2O ↔ Si(OH)4 + ROH 
 
♦ Alcohol condensation (Alcoxolation) 
 ≡Si(OR) + (HO)Si≡ ↔ ≡Si–O–Si≡ + ROH 
11 
 ♦ Water condensation (Oxolation) 
 ≡Si(OH) + (HO)Si≡ ↔ ≡Si–O–Si≡ + H2O 
 
♦ Overall reaction 
 Si(OR)4 + 2nH2O ↔ nSiO2 + 4nROH 
 
 The syntheses of the inorganic/organic hybrids by the sol-gel method have been 
investigated in various concepts, as described in the next section.  The typical means to 
hybridize the inorganics with the organics by the solo-gel method are: (a) the inorganic 
precursor is co-hydrolyzed and co-condensed with the functionalized organic 
polymer/oligomer in the above scheme, or (b) polymerizable organic group(s) is 
preliminary introduced to the inorganic precursor, then the inorganic/organic precursor 
is hydrolyzed and condensed.  In such cases, there are covalent bonds between the 
inorganic and organic phase. 
 
1-2-3. Classification of the inorganic/organic hybrids by sol-gel method 
 The inorganic/organic hybrids in which the inorganic and the organic phases 
hybridized homogeneously in a nanometer scale have been widely investigated other 
than the above mentioned ones with covalent bonds at the interface of the inorganic and 
the organic phases.  For these inorganic/organic hybrids, classification schemes have 
been proposed from the viewpoint of the synthetic method, the kind of interaction 
between the inorganic and organic phases, the size of the domains, and so on.  Wojcik 
12 
Chapter 1 
has proposed a classification scheme for the transparent silica-based inorganic/organic 
hybrids (Wojcik and Klein, 1997).  They classified these hybrids into three major 
categories and sub-classes by the structure, the synthetic method and the kind of bond 
between the inorganic and organic phases. 
 
 CLASS I. Covalently bonded organic/inorganic gels 
 CLASS II. Organic/inorganic interpenetrating networks 
 CLASS III. Polymer-impregnated gels 
 
 Hereinafter, the inorganic/organic hybrids by the sol-gel method will be outlined 
according to the above classification. 
CLASS I. Covalently bound organic/inorganic gels 
 This class of the inorganic/organic hybrid, which has covalent bonds between the 
inorganic and organic phases, has been most extensively investigated among the sol-gel 
derived hybrids.  This class includes two sub-classes. 
 The first one is a hybrid derived from one or more of organoalkoxysilanes 
(R’nSi(OR)4-n, n = 1-3, R = alkyl, R’ = organic group) in which organic groups are 
introduced within an inorganic network through the ≡Si-C bond.  Such type of the 
hybrids has been called organically modified silicas (ORMOSILs) or organically 
modified ceramics (ORMOCERs), which has been intensively investigated by Schmidt 
et al. (1984, 1985).  In this type of the hybrid, there is covalent bond between the 
13 
inorganic and the organic moieties in the starting material preliminarily.  The choice of 
the R’ group alters the mechanical, optical and electrical properties of the hybrid 
significantly. 
 
 
 
 
Figure 1-2-2
 
 
 As a variation of t
group R’ such as an ep
network by either phot
1990).  Typical 
3-methacryl-oxypropyl t
vinyl triethoxysilane (V
perfluoroaryl substitute
materials in near infrar
14 . General formula of the perfluoroaryl silanes (Roscher 
and Popall, 1996) his type, by using the organoalkoxysilanes with a polymerizable 
oxy group, an organic network can form within the inorganic 
ochemical or thermal curing of such groups (Schmidt et al., 
examples of this type of organoalkoxysilane are 
rimethoxysilane (MEMO), vinyl trimethoxysilane (VTMS) and 
TES).  Roscher et al. have reported for the synthesis of the 
d inorganic/organic hybrids to obtain the low optical-loss 
ed (NIR) range (Roscher and Popall, 1996).  In this study, 
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perfluoroarylalkoxysilanes with appropriate refractive indices shown in Figure 1-2-2 
were used to reduce the light transmission loss in NIR-region (1300-1550 nm) by 
replacing CH bonds by CF bonds, because the CH vibrational absorption is a major loss 
factor in this region.  Inorganic Si-O-Si network was formed by the hydrolysis and 
condensation of the alkoxysilyl groups, while the attached perfluoroaryl group provides 
the means by which network modification or polymerization to build up an additional 
organic network can be achieved by the functional group in para position of the phenyl 
ring. 
 
 
 Figure 1-2-3. Schematic illustration of the sol-gel polymerization of a 
three-monomer system: HEMA-VTES-TEOS. (Wojcik and 
Klein, 1995)  
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 However, generally, the gelation times under acidic conditions are quite long in 
single precursor systems because of the low concentration of alkoxysilyl groups and 
steric hindrance from organics in the systems.  Wojcik et al. have proposed a solution 
to solve this problem by using the tri-monomer system — tetraethoxyorthosilicate 
(TEOS), VTES and hydroxyethyl methacrylate (HEMA) (Wojcik and Klein, 1995).  
As shown in Figure 1-2-3, both inorganic and organic networks were formed with Si-C 
covalent bond by co-hydrolysis and co-condensation of the ethoxy group of VTES and 
TEOS, and the reaction of the vinyl group of VTES with HEMA, followed by the 
photopolymerization of HEMA. 
 The second sub-class is the hybrid with covalent bond which is synthesized by 
co-hydrolysis and co-condensation of inorganic precursors (mainly metal alkoxides) and 
organic ones (mainly polymer/oligomer functionalized by reactive groups).  Such type 
of the inorganic/organic hybrids has been investigated mainly by Wilkes’s group since 
mid 80s, and they named it CERAMERs.  A very early study of the 
silica/poly(dimethylsiloxane) (PDMS) hybrid was reported in 1985 (Wilkes et al., 1985).  
The silica/PDMS hybrid was synthesized by acid-catalyzed co-hydrolysis and 
co-condensation of TEOS and silanol-terminated oligomeric PDMS (500-1700 g/mol).  
In this report, following reaction scheme was proposed. 
 
2Si(OH)4 + 2H2OHO Si O Si OH O Si
CH3
CH3
O Si OSiO Si O +
CH3
CH3 CH3
CH3 CH3
CH3
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 This system has been widely investigated in various synthetic conditions by other 
authors.  To synthesize the hybrids between silicones and metal oxides by the sol-gel 
method, this system using the silicone polymers/oligomer with reactive groups and 
metal alkoxides as the starting materials has been the most major technique.  
Silicone-based hybrids will be described in detail in the next section. 
 
 
Table 1-2-1. Oligomers/polymers used in the preparation of the CLASS I hybrids 
Polymers/Oligomers Reference 
Polyoxazolines Chujo et al., 1989 
Polyimide Morikawa et al., 1992 Wang et al., 1994 
Pory(arylene ether ketone) Thompson et al., 1990 
Poly(arylene ether sulfone) Wang et al., 1991 
Poly(arylene ether phosphine oxide) Wang et al., 1991 
Polyoxypropylene Kojiya et al., 1990 
Polyacrylonitrile Wei et al., 1993 
Polystylenes Mourey et al., 1992 
Poly(ethylene oxide) Surivet et al., 1992 
Polyacrylics Wei et al., 1994 
Poly(methyl methacrylate) Wei et al., 1990 
Ethyl cellulose Yoshinaga et al., 1996 
 
 
 From the viewpoint of improvement of the mechanical properties, the hybrids of 
organic polymers other than silicones have been investigated.  Wilkes et al. have 
reported the hybrid of silica and poly(tetramethylene oxide) (PTMO).  PTMO was 
functionalized not only by hydroxyl groups but by more reactive trialkoxy groups to 
17 
improve the network forming ability (Huang and Wilkes, 1987).  Also in this system, 
various transparent hybrids from soft and flexible to hard and brittle were obtained, 
depending on the proportion of TEOS and PTMO oligomer.  Various metal 
oxide/organic polymer (oligomer) hybrids have been synthesized so far (Table 1-2-1). 
 Though the major inorganic phase of the inorganic/organic hybrids synthesized 
by this system has been silica, other metal oxides such as titania, alumina and zirconia 
have also been studied.  However, the reactivity of precursor for these metal oxides 
such as titanium tetraisopropoxide is much higher than that of silicon alkoxides, and 
these metal alkoxides are hydrolyzed and condensed by atmospheric water even in 
absence of a catalyst.  Reportedly, the degree of the reactivity depends on the 
electrophilic nature of the metal atom of alkoxides and the degree of unsaturation which 
can be described as the difference between the coordination number of the atom in the 
stable oxide network and the oxidation state (Schubert et al., 1995).  The sequence of 
reactivity is expressed as follows. 
Zr(OR)4, Al(OR)4 > Ti(OR)4 >> Si(OR)4 
 Because of such high reactivity, the difference in the reactivity can often cause 
the phase separation in the case of co-hydrolysis and co-condensation with organic 
polymers (oligomers) with reactive groups or silicon alkoxides.  Consequently, 
chelating agents including ethylacetoacetate, which form a complex with the metal 
alkoxide, have often been used to slow the hydrolysis and condensation reactions of 
these non-silicate metal alkoxides.  Although chelating agents are effective to prevent 
18 
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the phase separation or precipitation, these additives will normally remain in the final 
networks, which alter the structure and the properties of the products.  Wang et al. 
reported the synthesis of titania/PTMO and zirconia/PTMO hybrid by using 
trialkoxysilyl-terminated PTMO and titan or zirconium alkoxides in the presence of 
ethylacetoacetate (Wang et al., 1990).  Thereafter, the same authors also reported the 
synthesis of these hybrids in the absence of the additives (Wang and Wilkes, 1991).  
As the previous step, partially hydrolyzed transparent titania sol was prepared by slowly 
adding a solution including water and hydrochloric acid as a catalyst to titan alkoxide, 
then this transparent titania sol was co-hydrolyzed and co-condensed with 
trialkoxysilyl-terminated PTMO, which resulted in the formation of transparent and 
homogeneous hybrid as well as the synthesis in the presence of ethylacetoacetate. 
 
 
(b) 
 
(a)
 
 
 
 
Figure 1-2-4. Refractive index of (a) Ti-PSF, PEK and (b) Ti-PEPO ceramers 
with different titanium oxide content where it has been assumed that 
the titanium alkoxide is converted to TiO2. (Wang et al. 1991) 
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 Concerning the synthesis of hybrid between titania and organic polymers, the 
hybrids with poly(arylene ether ketone) (PEK), poly(arylene ether sulfone) (PEF) and 
poly(arylene ether phosphine oxide) (PEPO) have synthesized to develop optical 
materials with high refractive indices (Wang et al., 1991).  A transparent hybrid was 
obtained for either combinations, and the refractive index of products varied linearly in 
the range 1.65-1.80 by changing the composition of titan alkoxide and 
triethoxysilyl-terminated polymers (Figure 1-2-4). 
 
CLASS II. Organic/inorganic interpenetrating networks 
 The next major class of the hybrids has the structure analogous to those of the 
interpenetrating network polymers (IPNs), in which inorganic and organic networks 
interpenetrate mutually in the absence of covalent bonds.  This system can be divided 
into two sub-classes according to the synthetic method.  One of which is the 
“sequential” system, in which metal alkoxides are hydrolyzed and condensed in 
polymer solutions, and the other of which is the “simultaneous” system, in which metal 
alkoxides and organic monomers are hydrolyzed and condensed at the same time.  
Various combinations of organic polymers and silica have synthesized by these systems 
as well as the CLASS I hybrids (Table 1-2-2). 
 In the “sequential” system, the inorganic/organic IPN structure was formed by 
hydrolysis and condensation of silicon alkoxides in the polymer solutions.  Therefore, 
the choice of solvent is the major factor because the polymers which have compatibility 
20 
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with silicon alkoxides such as TEOS and tetramethoxyorthosilicate (TMOS) are limited.  
Furthermore, the ongoing hydrolysis reaction that typically liberates alcohol can change 
the solvent proportions, which results in the precipitation of the polymers or the phase 
separation between silica and the polymers. 
 
 
Table 1-2-2. Oligomers/polymers used in the preparation of the CLASS II hybrids. 
Polymers/Oligomers Sub Class Reference 
Poly(vinyl alcohol) (PVA) Sequential Messersmith et al., 1991 
Poly(methyloxazoline) Sequential Saegusa, 1991, Landry et al, 1992 
Polyvinylpirrolidone (PVP) Sequential Landry et al, 1992 
Poly(vinyl acetate) Sequential Landry et al, 1992, Wojcik et al., 1993 
Poly(methyl methacrylate) (PMMA) Sequential Landry et al, 1992 
Poly(dimethylacrylamide) Sequential Landry et al, 1992 
Poly(ε-caprolactam) Sequential Saegusa, 1993 
Polyurethane Sequential Saegusa, 1993 
Polystyrene Sequential Tamaki et al., 1998 
Poly(7-oxanorbornene) polymers Simultaneous Ellsworth and Novak, 1991 
Glycerol propoxy triacrylate polymer Simultaneous Wojcik et al., 1994 
Poly(2-hydroxyethyl acrylate) Simultaneous Jackson et al., 1996 
 
 
 In this system, the polymers with hydrogen-accepting groups such as amide and 
carbonyl groups can be used to obtain a transparent hybrid, in which there are hydrogen 
bonds between the silica and the polymer domains.  Inorganic/organic hybrids derived 
from the amidepolymers with N-alkyl or N, N-dialkyl groups such as 
21 
poly(2-methyl-2-oxazoline) and silicon alkoxide have reported by Saegusa (1991).  
The hybridization at the molecular level was achieved by the hydrogen bonds between 
the silanol and the amide groups of the polymers without macroscopic phase separations 
(Figure 1-2-5).  In the case of poly(2-methyl-2-oxazoline), the hydrogen bonds were 
confirmed by the fact that the absorption band of amidecarbonyl group shifted from 
1634cm-1 to 1622cm-1 in the infrared absorption spectrum. 
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 Figure 1-2-5. Schematic illustration of an organic-inorganic polymer hybrid derived 
from TEOS and poly(2-methyl-2-oxazoline) (Saegusa, 1991) 
 
 
 Many organic monomers have compatibility with metal alkoxides, whereas the 
polymers are limited by solubility in the “sequential” system.  “Simultaneous” system 
in which hydrolysis and condensation of metal alkoxides and polymerization of organic 
monomers are conducted simultaneously has been proposed (Scheme 1-2-1).  
Insoluble polymers in the sol-gel system can be introduced to the inorganic network by 
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using this “simultaneous” system.  In this system, it is very important to control the 
rates of both polymerizations of the inorganic and the organic phases.  Large amount 
of the unreacted starting materials will remain or the phase separation will occur if 
either process is much faster than the other. 
 
Si(OR)4 + 2H2O + monomer + solvent → SiO2 + 4ROH + polymer + solvent … (Scheme 1-2-1) 
 
 Novak and coworkers have synthesized IPNs by using polymerizable monomers 
as the solvent in the above scheme (Ellsworth and Novak, 1991).  The aqueous ring 
opening metathesis polymerization (aqueous ROMP) of 7-oxanorbornene and its 
derivatives by using Ru3+/Ru2+ salts as the catalysts and the hydrolysis of silicone 
alkoxide dissolved in the monomer solution were conducted simultaneously (Figure 
1-2-6).  They reported that transparent hybrids were obtained under the appropriate 
conditions. 
 
 
Figure 1-2-6. Schematic illustration of the preparation of an organic-inorganic 
interpenetrating network by using aqueous ring opening metathesis 
polymerization. (Ellsworth and Novak, 1991) 
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 Jackson et al. have reported the synthesis of an IPN by simultaneous 
polymerization of TEOS and 2-hydroxyethyl acrylate (HEA) monomer, in which 
hydrofluoric acid was used as the catalyst for the hydrolysis and condensation of TEOS, 
and benzoil peroxide was used as the initiator for free radical polymerization of HEA 
monomer (Jackson et al., 1996).  No solvent was used other than HEA which was the 
co-solvent.  The morphology of the products depended on the rates of polymerizations, 
which was revealed by the results of small-angle scattering and transmission electron 
microscopy (TEM).  When the polymerization of HEA monomer was more rapid than 
hydrolysis and condensation of TEOS, gross phase separation occurs, which resulted in 
a heterogeneous structure.  For comparable rates of the two polymerizations, the 
products had a dendritic or fractal-like morphology in the scale of 0.5 µm.  In the case 
of more rapid formation of silica phase relative to the polymerization of HEA, the sizes 
of the silica domains were about 100 Å or less, which led to the formation of more 
transparent and homogeneous hybrid.  Furthermore, a hybrid with less phase 
separation was obtained by using tetrakis(2-(acryloxy)ethoxy)silane, which might have 
linkage with HEA, instead of TEOS.  In this case, however, the obtained hybrids can 
be classified to the CLASS I described above. 
 There has been no study, to my knowledge, of synthesis of the silicone-based 
hybrid of this type (CLASS II).  One of the reasons may be that more homogeneous 
structure can be obtained by introducing reactive groups which produce covalent bonds 
with the inorganic precursors.  However, it is assumed that a CLASS II silicone-based 
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hybrid, which hybridized homogeneously in nanometer scale, can be synthesized by 
using the hydrogen bonds between the hydroxy groups derived from metal alkoxides 
and, for example, amide groups attached to the side groups of silicone chain, according 
to the methodology reported by Saegusa (1991). 
 
CLASS III. POLYMER-IMPREGNATED GELS 
 The third major class is “polymer-impregnated gel”.  This system is synthesized 
by immersing pre-dried sol-gel xerogels with open micropores into organic monomer 
solutions, and then allowing the monomer to polymerize within the micropores.  
Conceptually, this class can be defined as the variation of “sequential” system of 
CLASS II, in which the pre-formed polymers replaced by the xerogels derived form the 
metal oxides.  Wojcik et al. classified this type of hybrids as CLASS III since this type 
of hybrids was investigated at the early stage of development of the sol-gel derived 
inorganic/organic hybrid.  A typical system of this class is a porous silica with average 
pore size of 15.6 nm impregnated with PMMA (Pope et al. 1989).  This type of 
hybrids has a structure in which the organic polymer domains disperse in the inorganic 
matrix, which is different from those of two other classes in which the inorganic-rich 
domains basically embedded in the organic polymer matrix. 
 
 
 
25 
1-2-4. Silicone-based inorganic/organic hybrids by sol-gel method 
 Almost all hybrids in which metal oxide particles/domains with a nanometer size 
homogeneously hybridized with silicone matrix are classified into the above mentioned 
CLASS I and have synthesized from metal alkoxides and functionalized silicone 
polymers/oligomers as the starting materials.  Previously reported syntheses of the 
sol-gel derived silicone-based hybrids were summarized in Table 1-2-3.  Silica and 
other metal oxides will be described separately below. 
 
Table 1-2-3. Silicone-based organic/inorganic hybrids 
Silicone source Metal alkoxide Reference 
Silanol-terminated PDMS Si Wilkes et al., 1985, 1987, 1988 Kohjiya et al., 1990 
Triethoxysilyl-terminated PDMS Si Mark et al., 1987 
Diethoxydimethylsilane Ti, Zr, Al Dirè et al., 1992, 2003 
Silanol-terminated PDMS 
Diethoxydimethylsilane Si, Ti, Zr Babonneau et al., 1994 
Silanol-terminated PDMS Al, Ti, Zr, Nb, Ta Yamada et al., 1997, 1999, 2000 
PDMS Ti Shindou et al., 2003, 2004 
Trimethoxysilyl-terminated PDMS Ti Nakade et al., 2004, 2005 
 
 
I. Silica/silicone hybrid materials 
 One of the earliest investigations to synthesize the sol-gel derived silica/silicone 
hybrid was conducted by Wilkes’s group, which were synthesized by co-hydrolysis and 
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co-condensation between silanol-terminated PDMS and TEOS (Wilkes et al., 1985, 
Huang et al., 1987).  The silica/silicone hybrid was prepared by adding TEOS and the 
silanol-terminated PDMS to the mixture of organic solvent, water and hydrochloric acid, 
followed by reflux at 80ºC for 20 min., gelation and drying at ambient temperature 
(Huang et al., 1987).  In this report, the influences of the amount of hydrochloric acid 
and TEOS and the molecular weight of the PDMS to the structure and properties of the 
products were investigated.  They revealed that the amount of hydrochloric acid which 
was used as the catalyst for sol-gel reaction was the main factor to affect the structure of 
the products.  When the amount of hydrochloric acid increased, the period for the 
self-condensation of PDMS became shorter, which resulted in the improvement in 
homogeneity and flexibility of the product.  They also reported that the increase of 
TEOS amount contributed to the formation of more homogeneous and dense network, 
and decrease of molecular weight of the PDMS improved the homogeneity of the 
hybrids.  The structure of the silica/PDMS hybrid was estimated by means of 
small-angle X-ray scattering (SAXS).  They proposed a structure in which the polymer 
chains dispersed in the silica matrix (Figure 1-2-7).  Thereafter, however, the same 
authors have proposed a structure of silica/PTMO hybrid that was composed of the 
silica-rich domains and the PTMO-rich domains, which was estimated by a more 
detailed study by means of SAXS (Figure 1-2-8) (Rodrigues et al. 1992). 
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  Figure 1-2-7. Simplified schematic models for the hybrid system: (a) 
phase-separated organic; (b) better dispersed organic. 
(Huang et al. 1987)  
 
 
 Figure 1-2-8. General model for metal alkoxide/PTMO ceramers. The 
average interdomain spacing as measured by SAXS is 
indicated by the lettered d. (Rodrigues et al. 1992)  
 
 The formation of a similar hybrid has also been reported by Kohjiya et al. (1990).  
The silica/PDMS hybrids were synthesized from TEOS and silanol-terminated PDMS 
with the molecular weights of 1700, 3200 and 4200, followed by the solvent extraction 
at 50°C to remove “free” PDMS from the products.  They estimated that about 80% of 
PDMS was remained, in other words, was bound to the silica network. 
Mark et al. have also synthesized a silica/PDMS hybrid by using 
triethoxysilyl-terminated PDMS that has more reactive points than silanol-terminated 
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one (Mark and Sun, 1987).  In this report, the influences of the average molecular 
weight of PDMS and the composition of silica and PDMS on the hardness of the 
obtained hybrids were reported.  The hardness of the hybrids decreased as the 
molecular weight of PDMS increased (Figures 1-2-9) and as the total wt% PDMS 
increased (Figure 1-2-10).  There was a linear relationship between the hardness and 
the molar ratio of alkyl groups to silicone atom in the glass (Figure 1-2-11).  
Furthermore, R’Si(OEt)4, where R’ was phenyl, methyl or vinyl, were used as the 
starting material instead of TEOS. 
        
 
Figure 1-2-9. The effect of PDMS 
molecular weight on sample 
hardness. (Mark and Sun, 1987) 
Figure 1-2-10. The effect of total 
wt% PDMS on sample hardness. 
(Mark and Sun, 1987) 
 
 
Figure 1-2-11. The dependence of the hardness on 
the molar ratio of alkyl groups to silicone atom in 
the glass.. (Mark and Sun, 1987) 
 
29 
II. Other metal oxides/silicone hybrid materials 
 The syntheses of the hybrids of PDMS with titania and zirconia were reported by 
Dirè, Babonneau and coworkers (Dirè et al., 1992, Babonneau, 1994).  Titanium 
alkoxide or zirconium alkoxide and diethoxydimethylsilane (DEDMS) were used as the 
starting materials.  DEDMS was partially hydrolyzed and condensed in the mixture of 
water adjusted pH to 1 and ethanol, followed by the addition of the metal alkoxides, and 
then transparent pieces of the xerogels were obtained by placing the sol in a vessel for 
several days.  From the results of 29Si and 1H MAS-NMR and Ti K-edge X-ray 
absorption spectroscopy, they assumed that titanium and zirconium alkoxides acted not 
only as a linking agent but as a catalyst for the condensation of PDMS.  They proposed 
a structure for the hybrid, which comprised of the titania/zirconia-based particles and 
the PDMS chains, as shown in Figure 1-2-12.  However, direct evidence for Ti-O-Si or 
Zr-O- Si bond was not obtained by NMR. 
 
 
 Figure 1-2-12. Structure model for the gel prepared .from 
DEDMS and titanium tetraisopropoxide (or 
zirconium tetraisopropoxide) (Mark and Sun, 
1987)  
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 Metal oxides/PDMS hybrids derived from the silanol-terminated PDMS and 
alkoxides of Al, Ti, Zr, Nb, and Ta have synthesized by Katayama’s group (Yamada et 
al., 1997, 1999, 2000).  The reaction mixtures were hydrolyzed and condensed at 70ºC 
for 2 days by using ethanol as the solvent in the presence of ethylacetoacetate (EAcAc).  
In addition, the products were heat-treated at 150ºC for 3 days for the purpose of the 
completion of hydrolysis and condensation.  The effects of the molecular mass of 
PDMS on the features of the hybrids were reported as shown in Table 1-2-4 (Yamada et 
al, 1997), and the mechanism of formation of the hybrids were proposed as shown in 
Figure 1-2-13 (Yamada et al., 2000). 
 
 
 
Figure 1-2-13. Schematic illustration showing the formation behavior 
of PDMS-based hybrids. (Yamada et al., 2000)  
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Table 1-2-4. Effect of molecular weight (Mw) of PDMS and heat treatment on sample appearance 
 
 
 
 
 Figure 1-2-14. Relationship between refractive index and content of 
the inorganic component derived from metal alkoxide. 
(Yamada et al., 2000)  
 
 The dynamic mechanical properties (Yamada et al., 1997) and the refractive 
index (Yamada et al., 2000) of the products were also reported.  They concluded that 
the structures and the dynamic mechanical properties of the hybrids were affected by 
the valence and atomic mass of the metallic element because the storage modulus 
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increased and the peak height of the tan δ curve decreased in the order Al, Ti, Ta.  The 
refractive index of the hybrids increased linearly as the M(OR)n/PDMS ratio increased, 
and the inclination of the line increased in the order Al(III) < Zr(IV) ≤ Ti(IV) < Ta(V) ≤ 
Nb(V) (Figure 1-2-14).  Such difference was attributed to the inorganic component 
derived from metal alkoxide which affects both polarizability and the molar volume of 
the hybrid. 
 
 
1-3. Metal oxide/organic polymers (oligomers) hybrid materials: core-shell 
 particles 
 
 Coating of the metal oxide particles has been conducted to control the surface 
properties of particles in various industries.  For example, titania particles, which are 
used as a white pigment or a UV filter in the paint, cosmetic and plastics industries, 
were commonly coated with hydrous oxides of aluminum or silicon.  There have been 
more than 2,000 patents issued for silica and alumina coatings on titania over the past 
60 years (Davis et al., 1998).  From the view point of basic science, numerous 
combinations of inorganic core-shell particles with various morphologies have 
synthesized by Matijević and coworkers.  Spindle-shaped hematite-silica core-shell 
particles were synthesized by hydrolysis and condensation of TEOS in a suspension 
(Ohmori and Matijević, 1992).  In this study, the hydrolysis and condensation of 
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TEOS occurred only at the surface of hematite by adjusting the concentrations of TEOS, 
ammonia, and water, which resulted in the formation of silica shell without the 
formation of byproducts, and moreover, the thickness of the shell was controlled by the 
reaction time.  Hematite cores were also coated with zirconium hydrous oxide (Garg 
and Matijević, 1988), yttrium carbonate (Aiken and Matijević, 1988), chromium 
hydrous oxide (Garg and Matijević, 1988) and manganese compounds (Haq and 
Matijević, 1997). 
 Coating of the metal oxide particles with organics, silicones and organic 
polymers/oligomers has also been investigated for various purposes, such as the 
functionalization of the surface of metal oxide particles, the improvement of 
dispersibility in media and the biocompatibility, and has been prepared by myriad 
synthetic methods.  There is considerable diversity in the size and shape of the core 
particles and the thickness of the shell ranges from the angstrom to the micrometer 
scale. 
 
1-3-1. Coating of metal oxide particles by organosilanes and silicones 
I. Surface modification of metal oxide particles by alkoxy silanes 
 Alkoxysilanes, which is called “silane coupling agent”, are the most poplar 
surface modifying agent for the coating of metal oxide particles for practical 
applications.  When metal oxide particles are added to polymers, the higher 
dispersibility is achieved by coating those particles with the alkoxysilanes, thereby 
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improving the wettability of the particles to the polymers, reducing the aggregation of 
the particles, and/or the formation of chemical bonds between the modified surface of 
the particles and the surrounding polymers.  Alkoxysilanes are used as the “surface 
controlling agent” to hybridize the organic and inorganic materials. 
 Alkoxysilanes are represented as the general formula RnSiX(4-n), where R is a 
nonhydrolyzable group such as alkyl, aryl, vinyl, amino and epoxy groups.  The X 
represents alkoxy groups, most typically methoxy or ethoxy.  Reaction of these 
alkoxysilanes involves four steps as shown in Figure 1-3-1 (Witucki, 1993).  Initially, 
hydrolysis of the alkoxy groups occurs and silanol
After the hydrolysis of the first and second alkoxy 
groups, an oligomer is formed by the condensation. 
Hydrogen bonds are formed between the silanol 
group derived from the hydrolysis of the third 
alkoxy group and the hydroxy sites on the substrate. 
Finally, covalent bonds are formed with the 
substrate during drying or curing.  The hydrogen of 
silanol is more reactive than that of carbinol because 
of the higher electrophilicity.  Dilution by alcoholic 
solvents and careful selection of pH ranges are very 
important to control the self-condensation of the 
silanol groups. 
 groups (Si-OH) are generated.  
 
 
Figure 1-3-1. Reaction process 
of alkoxy silane (Witucki, 
1993)
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 Grasset et al. reported the surface modification of zinc oxide nanoparticles of 
20-30 nm by using aminopropyltriethoxysilane (APTES) to improve the performance as 
a UV filter (Grasset et al., 2003).  Coating was conducted by dispersing the zinc oxide 
particles to pH-adjusted distilled water or toluene by stirring for 1 hour, then stirring for 
24 hours after adding APTES, followed by the washing and drying.  In the case of the 
water system, the products shown in Table 1-3-1 were obtained under acidic condition 
(pH = 6.5) and basic condition (pH = 10.8). 
 
 
Table 1-3-1. Physical and chemical properties of non-grafted 
and grafted zinc oxide powders 
Compounds ABET
(m2/g) a
ABET (m2/g) 
annealed 
at 800ºC a
Chemical 
analysis 
(% weight Si) b
ZnO (N.G.) 30*  2.5* – 
ZnO (Ac.P.) 34* 11 0.5 
ZnO (Ba.P.)  9*  9** 4.8 
ZnO (To.P.) 32*  7* 0.3 
N.G., non-grafted; Ac.P., acidic process; Ba.P., basic process; To.P.,  
toluene process. 
a As determined by the BET method: *degassed at 200ºC for 4 h; 
**degassed at 350ºC for 4 h. 
b As determined by ICP analysis. 
 
 
In the acidic process, it was expected that the zinc oxide particles were coated with 
APTES effectively since the zinc oxide surface should be positively charged whilst the 
silanol groups were negatively charged and the amino groups were positively charged.  
They considered that, however, the coating reaction was limited by the slow 
condensation of APTES and the residual APTES monomers due to the intramolecular 
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association between SiO- and NH3+.  On the other hand, in the basic process, it was 
expected that the hydrolysis and condensation of silanes were accelerated but not on the 
surface of the zinc oxide particles. However, the coating layer was formed most 
effectively.  It was concluded that this effective formation of coating layer was due to 
the formation of the aggregates of aminosilanetriols followed by the adsorption of the 
aggregates on the surface of the zinc oxide particles.  In the case of toluene system, 
they concluded that the low percentage of silicon observed could be explained by the 
low water quantity in the reaction system and the hard aggregation of zinc oxide 
nanoparticles. 
 
II. Coating of metal oxide particles with silicone 
 As an example of the coating of metal oxide particles with silicone polymers or 
oligomers, methylhydrogenpolysiloxane (Scheme 3-2-1) is often used to alter the 
surface character of the particles to hydrophobic in the cosmetic materials. 
 
 
H3C Si
CH3
CH3
O Si
CH3
CH3
O Si
H
CH3
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CH3
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CH3
m n
Scheme 1-3-1. Chemical structure of methylhydrogenpolysiloxane 
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 Generally, the coating reaction is conducted by mixing the metal oxide particles 
and organic solvents to form a slurry, adding the methylhydrogenpolysiloxane to this 
slurry, followed by the solvent evaporation and the heat treatment.  As a result of the 
heat treatment, covalent bonds are formed between the reactive groups of the silicone 
and the surface hydroxy groups of the metal oxide particles, and the silicone oligomers 
are resinify by the crosslinking each other, which leads to the strong hydrophobicity.  
However, hydrogen gas may generate in the formulation containing water because 
hydrogen groups remain in the product. 
 
 
 Figure 1-3-2. Changes in water contact angle of silicone-modified 
TiO2 disk upon irradiation. (Nakabayashi et al., 2005) 
 
 
 Recently, an interesting investigation was conducted by Domen’s group on the 
titania coated by methylhydrogenpolysiloxane (Nakabayashi et al., 2005).  The 
silicone-coated titania was obtained by reacting the methylhydrogenpolysiloxane with 
38 
Chapter 1 
titania particles at 323 K for 8 hours in toluene, followed by the drying at 323 K for one 
night.  When a disk-shaped pellet of the silicone-coated titania was irradiated with UV 
light, it was observed that the contact angle of a water droplet decreased with the 
irradiation time (Figure 1-3-2), namely, the surface character of the silicone-coated 
titania was altered from hydrophobic to hydrophilic by the UV irradiation.  From the 
results of 29Si-NMR and other analysis, this behavior was attributed to the generation of 
Si-OH by the UV irradiation. 
 The so-called DLVO theory is generally applied to discuss the stability of the 
suspensions of metal oxide particles (Derjaguin and Landau, 1941, Verwey and 
Overbeek, 1948).  However, commercial products are often a mixture of various 
ingredients (including salts), and the concentration of metal oxide particles is frequently 
very high.  Accordingly, the stabilization by the steric hindrance is usually adopted by 
the chemical adsorption of organic polymers to the surface of the metal oxide particles.  
As an example, it was reported that pyrrolidone groups as hydrophilic ones were 
introduced to an acrylate-silicone graft copolymer which was a film-forming agent 
(Takarada et al., 2002).  The schematic illustration of this acrylate-silicone polymer is 
shown in Figure 1-3-3.  It was found that the dispersibility of titania nanoparticles in a 
silicone oil was greatly improved by using this pyrrolidone-modified acrylate-silicone 
as a dispersant, which led to significant improvement of the performance as a UV filter.  
Schematic model of the chemical adsorption of the modified acrylate-silicone was 
shown in Figure 1-3-4.  The pyrrolidone groups worked as the “anchors” on the 
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surface of the particles so that the stability of the dispersion was improved by the steric 
hindrance of the silicone chains  
 
Pyrrolidone 
part NO
Acrylic chain
Silicone part 
 
 
 
Figure 1-3-3. Schematic illustration of the acrylate-silicone graft 
copolymer modified by pyrrolidone groups. (Takarada 
et al., 2002) 
 
 
Steric stabilization 
Brush
Powder
Powder
Bridge
Anchor
Figure 1-3-4. Schematic illustration of the chemisorption of 
acrylate-silicone graft copolymer modified by 
pyrrolidone groups. (Takarada et al., 2002) 
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III. Coating of metal oxide particles with other polymers 
 Recently, coating of colloidal particles with organic polymers has attracted 
considerable attention due to its applicability to the pharmaceutical materials for the 
drug delivery systems (DDS), drug targeting, and the imaging.  For such purposes, 
various synthetic methods have been conducted to control the compositions, the 
morphology and the functions of the shell. 
 Layer-by-Layer (LBL) method, which was introduced by Decher (1991), has been 
recently developed to coat colloidal particles by Caruso and coworkers (1998) (Figure 
1-3-5).  Basically, LBL method is the one that multilayers are formed on a substrate by 
using the self-assembly of two or more polyelectrolytes with opposite charge.  Caruso 
et al. reported the synthesis of the multilayer shell composed of silica nanoparticles and 
poly(diallyldimethylammonium chloride) (PDADMAC) on the polystyrene latices 
(Caruso and Möhwald, 1999) (Figure 1-3-6).  At the first step, PDADMAC was 
 
 
 
 
Figure 1-3-5. TEM of polystyrene particles coated with 21 alternating 
layers of poly(allylamine hydrochloride) (PAH) and 
polystyrene sulfonate) (PSS). (Caruso et al., 1999) 
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adsorbed onto negatively-charged polystyrene latices with the diameter of 640 nm, 
followed by adsorbing poly(sodium 4-styrenesulfonate) (PSS) to them.  At the second 
step, the negatively-charged silica nanoparticles with the diameter of ca. 26 nm were 
adsorbed after another adsorption of PDADMAC.  Accordingly, the multilayer shell 
was formed on the polystyrene core by alternate adsorption of PDADMAC and the 
silica nanoparticles.  The increase of the thickness of the shell was confirmed by 
means of single-particle light scattering (SPLS) (Figure 1-3-7). 
 
 
Figure 1-3-6.  
 
 
 
Figure 1-3-7  
 
 
  
42  . SiO2/PDADMAC multilayer thickness (determined from
SPLS) on the polyelectrolyte-modified PS latices as a
function of SiO2/PDADMAC layer number. The SiO2
layers were deposited in alternation with PDADMAC.
(Caruso and Möhwald, 1999) Schematic illustration of the assemble of
SiO2/PDADMAC multilayers on PS latices to form
core-shell particles (Caruso and Möhwald, 1999) 
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 Almost all core particles in the synthesis of core-shell particles by LBL method 
were organic polymer particles, while there have been few studies by using metal oxide 
particles.  Chen et al. reported the synthesis of the core-shell particles composed of the 
silica core prepared by the Stöber method and poly(allylamine hydrochloride) 
(PAH)/Ag, CdS, ZnS and TiO2 multilayer shell (Chen et al., 2005).  They proposed a 
new method to prepare the core-shell particles by using reverse micelle of surface active 
agents which included Ag, CdS, ZnS and TiO2.  These core-shell particles including 
PAH were transformed to the silica core and Ag/CdS/ZnS/TiO2 shell particles by the 
calcination. 
 Other than the LBL method, a technique was proposed to form the organic 
polymer shell on the metal oxide particles by modifying the surface of the core particles 
with a polymeric initiator and radical polymerization of monomers on the surface of the 
particles (Pyun and Matyjaszewski, 2001).  Wang et al. reported the synthesis of Fe2O3 
core-styrene shell particles by means of solvent-free atom transfer radical 
polymerization (ATRP) (Wang et al., 2003). In this report, oleic acid stabilized γ-Fe2O3 
with diameter of ca. 10 nm were ligand exchanged with 2-bromo-2-methylpropionic 
acid (Br-MPA) which was the initiator for ATRP.  The core-shell particles were 
prepared by mixing the Br-MPA-modified γ-Fe2O3 particles and styrene monomer 
followed by the heat treatment at 120ºC for 20 hours in the presence of CuBr and 2, 
2-dipyridyl (Figure 1-3-8).  The syntheses of metal oxide core-organic polymer shell 
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particles by means of ATRP have also been reported for silica (von Werne and Patten, 
2001) and MnFe2O4 (Verstal and Zhang, 2002). 
 
 
 
 
Figure 1-3-8. TEM image of core-shell nanoparticles (Wang et al., 2003) 
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CHAPTER 2 
 
Synthesis of titania/poly(dimethylsiloxane)  
hybrid particles and its application for cosmetics 
2-1. INTRODUCTION 
 
The metal oxide/silicone hybrids in which the metal oxide phase was dispersed in 
the silicone matrix homogeneously by using the sol-gel method have been widely 
investigated as described in the previous chapter.  The properties of the hybrid 
materials depend on the chemical nature of their components and the nano-structure, 
including the interactions between the components (Novak, 1993).  The macroscopic 
morphology is another key issue for the practical applications.  However, there have 
been very few investigations as to the morphosyntheses of the inorganic/organic hybrid 
materials (Toki, 1994). 
Among possible controlled morphologies, spherical particles are useful for such 
uses as chromatography and pigments.  Spherical particles of inorganic materials may 
precipitate from homogeneous solution, while the syntheses based on emulsion was 
required to control the shape of the products.  Toki reported the synthesis of the hybrid 
particles of silica and poly(vinylpyrrolidone) or poly(2-ethyloxazoline) by the 
preparation method based on the growth of hybrid seeds by the addition of 
TEOS-polymer solution (Toki, 1994). 
In this chapter, the synthesis and the properties of titania/poly(dimethylsiloxane) 
(PDMS) hybrid particles were investigated (Scheme 2-1-1).  The controlled optical 
properties (Wang et al., 1990, 1991, Joarder et al., 1992, Dirè et al., 1992), e.g. the 
refractive indices, and the mechanical properties (Glaser et al., 1988, Yamada et al., 
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1997, McCarthy et al., 1998) have previously been reported for the hybrids of organic 
or silicone-containing polymers and titania.  Thus, the properties of the hybrid 
particles of titania and silicone are also expected to vary depending on the composition 
as well as the degree of hybridization.  Titania/PDMS hybrid particles with controlled 
macroscopic morphology were obtained by co-precipitation from the sols containing 
partially hydrolyzed titania and oligomeric PDMS.  Moreover, the chemical 
compositions of the hybrid particles were successfully controlled.  The refractive index 
and hardness of the resulting hybrid particles were evaluated, and their nano-structures 
were investigated by means of spectroscopy and microscopy. 
 
 
 
Titania domain
Silicone chain  
 Scheme 2-1-1. Schematic illustration of the titania/PDMS hybrid particle. 
 
 
Furthermore, cosmetic applications of the titania/PDMS hybrid particles were 
studied.  Titania is a key functional material in cosmetic formulations due to its 
superior UV filtering ability derived from the broad absorption in UV light wavelength 
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region, as well as the high concealing ability by its high refractive index (2.5-2.7).  
Although titania is an effective sunscreen agent, its very high masking power due to the 
high refractive index though often causes the makeup to appear unnatural.  In addition, 
titania is a hard pigment which easily forms aggregates and, if incorporated in large 
quantity, makes the products feel uncomfortable when spread on the skin.  The 
titania/PDMS hybrid particles with controlled refractive index and hardness can be an 
ideal cosmetic powder material. 
 
 
2-2. EXPERIMENTAL 
 
2-2-1. Synthesis of the titania/PDMS hybrid particles 
2-2-1-1. Materials 
Titanium tetraisopropoxide (TIP) was purchased from Wako Pure Chemical 
Industries (Wako 1st grade 95%+ (wt)).  Methoxy-functionalized PDMS with a 
number-average molecular weight of 1080 (methoxy-PDMS; Scheme 2-2-1) was 
supplied by Shin-etsu Chemical Co., Ltd.  These chemicals were used without further 
purification.  2-Propanol, methanol, aqueous ammonia solution (28.0% NH3) and 
hydrochloric acid were reagent grade of Kanto Chemical Ind. Co., and they were used 
as received. 
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 Scheme 2-2-1. Chemical structure of the methoxy-functionalized PDMS 
 
2-2-1-2. Synthesis of the hybrid particles 
The synthesis of titania/PDMS hybrid particles was carried out in two steps.  In 
the first step, a transparent titania sol was prepared.  Generally, when starting from 
titanium alkoxides for synthesis of hybrids containing titania, additives (for example, 
chelating agents) are used to control the rate of hydrolysis.  However, these additives 
may remain in the products, and they are known to affect the properties of the products 
(Wang et al., 1990).  For this reason, a transparent titania sol was prepared without any 
additives according to the method reported by Wang et al (1991).  The titania sol was 
prepared by slowly adding 40 ml of 2-propanol solution containing water (1.80 g) and 
HCl (0.219 g) to TIP (28.4 g) at room temperature.  The molar ratio of TIP, water, and 
HCl was 1:1:0.02. To this sol, methoxy-PDMS diluted with 20 ml of 2-propanol was 
added, so that a transparent titania/PDMS hybrid sol was obtained.  This hybrid sol 
gave a transparent and slightly-yellow xerogel, when evaporated the solvent slowly.  
The amount of the added methoxy PDMS varied from 5.26 g to 21.0 g, as indicated in 
Table 2-2-1. 
In the second step, these sols containing titania and oligomeric PDMS were 
co-hydrolyzed and co-condensed in an alkaline methanol solution.  These sols were 
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added, under vigorous stirring, to a mixture of methanol (600 ml), distilled water (180 
ml) and aqueous ammonia solution (20 ml), so that a rapid precipitation took place and 
a turbid dispersion was obtained.  After the reaction for several minutes, the 
precipitates, the hybrid particles, were collected by centrifugation (3000 rpm) and 
subsequently washed with an appropriate amount of 2-propanol and dried at 100°C.  
The dried samples were fine white powder. 
 
 
Table 2-2-1. Sample ID and chemical compositions of the products. 
 
 
2-2-1-3. Characterization 
The images of the particles were obtained by scanning electron microscopy 
(SEM) (JEOL, JSM-6301F) equipped with an energy-dispersive X-ray spectroscopy 
(EDS) system and transmission electron microscopy (TEM) (JEOL, JEM-1200 EXII, 80 
kV).  For SEM observation, samples were coated with platinum by sputtering.  For 
TEM observation, ultra-thin sections of the particles were prepared by an ultra 
microtome (Reichert-Jung, Super Nova).  The chemical composition was determined 
for both the bulk sample and the specific area of a particle by EDS.  A disk-shaped 
60 
Chapter 2 
pellet of the sample was prepared for the bulk analysis by pellet dies and a hydraulic 
press, and then the pellet was coated with carbon under high vacuum.  For the 
chemical analysis of the individual particle, the sample preparation was same as the 
morphological observation. 
The immersion method was used to determine the refractive indices of the hybrid 
particles with varied titania/PDMS ratios.  The series of hybrid particles was dispersed 
in media with various refractive indices, and the refractive indices of the particles were 
estimated by the transparencies of the dispersions observed with the naked eye. 
To compare the mechanical properties with those of a titania particle, the 
relationship between the displacement and the load against individual hybrid particles 
was measured with a microcompression-testing instrument (Shimadzu MCTM).  A 
particle was put on the stage, and then pressed by a small indentator under the 
microscope observation. 
X-Ray diffraction (XRD) patterns (in the 2θ = 5-60° range) were obtained with an 
X-ray diffractometer (RIGAKU MultiFlex), employing Cu Kα radiation and a graphite 
monochromator.  Fourier transform infrared (FT-IR) spectra were obtained with a 
spectrophotometer (JASCO 660 Plus) collecting 64 scans in the range of 4000-400 cm-1 
on KBr disks with 2 cm-1 resolution.  Ultraviolet and visible (UV-Vis.) diffuse 
reflectance spectra of the samples were recorded on a UV-Vis. spectrometer (JASCO 
660 Plus) equipped with an integrating sphere (JASCO ISN-470) using a cell holder 
with a quartz window.  The nano-structure of the hybrid particle in the present study 
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was investigated by means of high-angle annular dark field scanning transmission 
electron microscopy (HAADF-STEM) equipped with an EDS system (JEOL, 
JEM-2010F) on the ultra thin section of the hybrid particle.  The image acquired by a 
HAADF detector in the scanning mode of a transmission electron microscope with a 
finely focused electron probe yields intensity distributions depending on the atomic 
number (Z) at a nano-scale. 
 
2-2-2. Cosmetic applications 
2-2-2-1. Dispersibility and hydrophobicity 
Dispersibility of the powder materials in media such as silicone oils is important 
property for cosmetic applications because it affects seriously the stability of the 
“liquid” products.  Hydrophobicity/hydrophilicity is also important character since it is 
correlated with long-lasting of the cosmetic effects. 
The dispersibility of the titania/PDMS hybrid particles in silicone oil was 
evaluated by the sedimentation volume.  The sedimentation volume of the hybrid 
particles T/S(10)p and conventional cosmetic pigments were measured at intervals 
following the dispersing treatment in decamethylcyclopentasiloxane (Shin-Etsu 
Chemical Co., Ltd.) with 1.5 mmφ zirconia beads in a paint-shaker (Asada Iron Works 
Co., Ltd.) for 5 hours.  Contact angle measurement was performed to evaluate the 
hydrophobicity.  The appropriate amount of the hybrid particles was pressed into an 
aluminum dish (2×4 cm) by a press at 100 kg/cm2 and a water droplet was put on the 
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flat surface of the compressed particles, followed by measuring the contact angle by the 
goniometer type contact angle meter (ERMA Inc., Model G-I). 
 
2-2-2-2. Products evaluations 
The titania/PDMS hybrid particles (T/S(10)p) were applied to a cosmetic product 
to confirm the properties in formulations.  Powdery make-up foundations were 
prepared with formulae shown in Table 2-2-2.  The sensory evaluation was performed 
for these products.  The evaluation subjects were softness, smoothness in application, 
and natural finish. 
 
Table 2-2-2. Formula of powdery foundations for the product evaluation 
 Ingredients Hybrid Control 
1 Titania/PDMS hybrid particles (T/S(10)p) 12 — 
2 Silicone coated titanium dioxide — 12 
3 Zinc oxide 5 5 
4 Silicone coated sericite 50.1 45.6 
5 Silicone coated talc 20 23 
6 Iron oxide 1.7 3.2 
7 Methyl parahydroxybenzoate 0.2 0.2 
8 Vaseline 1 1 
9 Squalane 4 4 
10 Triethylhexanoin 3 3 
11 Poly(dimethylsiloxane) (100 mm2/s) 3 3 
Production method: After 1 to 6 were mixed by a mixer for 2 min, the previously heated and 
dissolved mixture of 7 to 11 were added and mixed uniformly for 10 min.  Then the mixture 
was pulverised by using a screen of 2 mmφ, followed by molding into a container for the 
powdery foundation. 
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The sun protection factor (SPF) represents the effectiveness of sunscreen products, 
indicating the time a person can be exposed to sunlight before getting sunburn with a 
sunscreen relative to the time without sunscreen.  The measurement of the SPF is 
usually conducted by applying sample to the skin of a volunteer and by using an 
artificial sunlight source (in vivo SPF).  On the other hand, in vitro SPF is measured by 
the transmittance of the sample over all wavelengths in the UV-B range (290-350 nm), 
along with a table of how effective various wavelengths are in causing sunburn (the 
erythemal action spectrum) and the actual intensity spectrum of sunlight.  In vitro SPF 
is calculated from the following equation, 
( ) ( )
( ) ( ) ( )∫
∫= λλλλ
λλλ
dMPFEA
dEA
SPF
/
 
where E(λ) is the solar irradiance spectrum, A(λ) is the erythemal action spectrum, and 
MPF(λ) is the monochromatic protection factor.  The in vitro SPF was measured on 
these products by the SPF analyzer (SPF 290 plus, SANYO), which is a specially 
designed spectrometer for SPF.  These above products were applied on the surgical 
tape (3M, TransporeTM), and the amount of application was about 1 µg/cm2. 
 
2-2-2-3. Adsorption property for a skin-damaging agent 
The hybrid particles (0.1 g) were added to 1 mL of 200 µmol/L hematoporphyrin 
(7,12-bis(1-hydroxyethyl)-3,8,13,17-tetramethyl-21H,23H-porphine-2,18-dipropanoic 
acid) (Scheme 2-2-2; Tokyo Kasei Kogyo Co.) ethanol solution and sonicated to 
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disperse homogeneously, then 9 mL of 10 mmol/L sodium lauryl sulfate aqueous 
solution was added.  After continuous stirring for 24 hours, the resulting suspension 
was centrifuged to separate the solid product.  The adsorbed amount of hemato- 
porphyrin was determined by the concentration of the supernatant by UV-Vis. spectrum. 
 
NH N
N HN
CH(OH) CH3
H3C
H3C
CH2
CH3
CH(OH)CH3
CH3
CH2
COOH
CH2
CH2
COOH  
 Scheme 2-2-2. Chemical structure of hematoporphyrin 
 
2-3. RESULTS AND DISCUSSION 
 
2-3-1. Synthesis of the titania/PDMS hybrid particles 
The identifications of the products and their chemical compositions are shown in 
Table 2-2-1.  These compositions were obtained by the SEM-EDS measurement and 
the ZAF correction method (where Z is the correction due to the atomic number of the 
matrix, A is the correction of photoelectric absorption factor of x-rays in the specimen, 
and F is the fluorescence correction factor).  The results were semi-quantitative.  
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However, they demonstrated that the chemical compositions of the final products 
corresponded to the Ti/Si ratios of the starting materials. 
The SEM observations showed that the particles had nearly spherical shapes 
except for T/S(20)p, and their size depended on the TIP/methoxy-PDMS ratio as shown 
in Figure 2-3-1.  For T/S(5)p, for example, the particles were several tens of 
micrometers in diameter.  On the surface of these large particles, there were submicron 
spherical particles of about 0.5 µm in diameter.  The formation of the large particles 
was caused by the interfacial tension due to the low solubility of the hybrid sol to the 
methanol solution.  However, the reason why spherical particles of different sizes are 
generated simultaneously is uncertain at the present stage.  For T/S(10)p, as opposed to 
T/S(5)p, the average particle diameter of the spherical particles was around 0.5µm.  It 
was supposed that the difference in morphology between T/S(5)p and T/S(10)p was 
derived from the difference in the reaction rate and/or solubility of the sols to the 
alkaline methanol solution.  Because the solubility of the sol to the solution is 
decreased as the ratio of the silicone increases in the sol, it is conceivable that big 
droplets will be easy to generate by the interfacial tension.  The reactivity of the 
silicone-rich sol is relatively low because the reactivity of the methoxy-PDMS is lower 
than that of titanium alkoxide.  In the case of T/S(5)p, the reaction will not complete 
just after the contact between the sol and the alkaline-methanol solution, which results 
in the generation of large droplets of the sol. 
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Figure 2-3-1. SEM images of the titania/PDMS hybrid particles: 
(a) T/S(2.5)p, (b) T/S(5)p, (c) T/S(10)p, and (d) T/S(20)p. (e) Enlargements of 
(b), and (f) enlargement of (e), showing the small particles on the surface of the 
large particle. 
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Figure 2-3-2. (a) TEM image of the ultra thin section of small 
particles in T/S(5)p. (b) Enlargement of (a). 
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Figure 2-3-3. SEM/EDS of the Titania/PDMS hybrid particles T/S(5)p: 
(a) SEM image and the measuring points. 
(b) EDS spectrum at Point c. 
(c) Chemical composition at the measuring points. 
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Figure 2-3-2 shows TEM observation of the cross section of the small particles 
for T/S(5)p.  These TEM micrographs demonstrate that there is no recognizable phase 
separation. 
The chemical compositions of the particles were determined by means of SEM 
equipped with EDS to confirm the homogeneity in the composition.  The presence of 
Ti and Si was detected for all the observed particles, and the Ti/Si ratios were constant.  
In the case of T/S(5)p, a cross section of a single particle was also examined.  There 
was no difference in the ratio of Ti/Si ratio between the core area and the near-surface 
area of the particle (Figure 2-3-3).  These results demonstrated that titania and PDMS 
were hybridized at nanometer scale. 
 
2-3-2. Characterizations of the titania/PDMS hybrid particles 
Refractive index of the hybrid particle 
The refractive index of the particles was determined by the immersion method.  
It has been reported that the refractive index of the hybrid film derived from titania as 
the inorganic component and PDMS, poly(arylene ether ketone) or poly(arylene ether 
sulfone) as the organic component increased linearly with increasing Ti fraction (Wang 
et al., 1991, Joarder et al., 1992).  The refractive index of the present hybrid particles 
also increased with increasing the Ti fraction.  There was a linear relationship between 
the refractive index and Ti fraction as shown in Figure 2-3-4.  This means that the 
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optical property of the hybrid particles can be controlled by varying the composition of 
the starting materials (Litner et al., 1988, Wang et al., 1990, Wei et al., 1993). 
 
 
 
 Figure 2-3-4. Refractive index of the titania/PDMS hybrid particles. 
 
 
Mechanical properties of the hybrid particle 
For T/S(5)p, the deformation of a particle was measured by the micro- 
compression-testing instrument to evaluate the mechanical properties.  As a control, a 
single crystal titania particle with 4.84 µm in diameter on average was used.  Figure 
2-3-5(A) shows the relationship between load and displacement when a particle on the 
stage was pressed by the indentator.  The mean displacement until the particle 
collapsed was 8.4 µm for the hybrid particle (mean diameter; 26.0 µm), while it was 
0.53 µm for the titania particle (mean diameter; 4.84 µm), and the compressive force at 
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the collapse point for the hybrid particle was larger than for the titania particle.  The 
curve of the hybrid particle showed that it has elastic properties, while titania was rigid.  
To correct the difference of particle size between titania and the hybrid particle, the 
deformation ratio is plotted as abscissa.  Figure 2-3-5(B) shows that the deformation 
ratio at the collapse point is 32% for the hybrid particle and 11% for the titania particle.  
This result revealed that the hybrid particle was flexible originating from PDMS. 
 
 
    
 
Figure 2-3-5. Displacement measurement of a particle: 
(a) T/S (5)p; 28.4 µm, (b) TiO2; 5.25 µm in diameter. 
(A) Stress vs. Displacement value. 
(B) Stress vs. Deformation ratio. 
 
 
 
 
Structural characterization 
The XRD patterns indicated that the hybrid particles were amorphous (data were 
not shown), which was consistent with the TEM observations.  In the IR spectrum, the 
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absorption bands due to silicone appear at 1261, 1089, and 1022 cm-1 (Figure 2-3-6).  
These three bands are assigned to Si-CH3 bending vibrations (1261 cm-1) and to Si-O 
stretching vibrations (1089 and 1022 cm-1) typical of PDMS units.  As a whole, the 
profile of the spectrum was an overlapping of the separate absorptions due to titania and 
PDMS.  With the increase in the titanium content, the absorption band at around 3200 
cm-1 due to Ti-OH and the broad absorption band at the low wavenumber area due to an 
envelope of Ti-O-Ti bonds become more intense as shown in Figure 2-3-6.  However, 
the absorption bands (around 920-960 cm-1) ascribable to Si-O-Ti bond, which have 
been observed for the hybrid materials of titania and triethoxysilyl-terminated PTMO 
(Wang et al., 1990) or silica (Miller et al., 1995), was not observed in the present 
products.  The absorption band due to Si-O-Ti in the present system might be masked 
by the bands due to Si-CH3 and Ti-O-Ti bonds because the amounts of Si-O-Ti bonds at 
the interface of titania and silicone domains were relatively small. 
Figure 2-3-7 shows the UV-Vis. diffuse reflectance spectra of the hybrid particles.  
The hybrid particles were transparent in the visible wavelength region.  The absorption 
edge for T/S(2.5)p, T/S(5)p, T/S(10)p and T/S(20)p appear at about 360 nm, 360 nm, 
355 nm and 350 nm respectively, which exhibit blue shifts relative to that of rutile (410 
nm).  These blue shifts of the absorption edge are thought to be a result of the quantum 
size effect exhibited by these nano-sized titania domains, however, it cannot be 
excluded that such spectral blue shifts are caused by the difference in the structure of 
the titania.  If these blue shifts are related to the size of titania, the size of titania 
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domains becomes smaller as the titanium content increased since the absorption edge 
shifts to shorter wavelength regions.  It is presumed that the degree of blue shift for 
different compositions reflects the difference in the size or the chemical environment of 
the titania nano-domains (Brus, 1983, Weller, 1993). 
 
 
 
Figure 2-3-6. IR spectra of (a) T/S(2.5)p, (b) T/S (5)p, (c) T/S(10)p, 
and (d) T/S(20)p.  
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Figure 2-3-7. UV-Vis. spectra of the titania/PDMS hybrid particles. 
 
 
Figure 2-3-8 and 2-3-9 show STEM images of the ultra thin section of T/S(5)p.  
Figure 2-3-8 shows a low magnification image, and Figure 2-3-9(a) and (b) show 
magnified images obtained from the same area.  Figure 2-3-9(a) and (b) show HAADF 
(Z-contrast) and blight-field images of the hybrid particle, respectively.  The thin part 
at the edge of the particle was observed to eliminate the influence of the thickness.  
Specimens with apparent thickness variations may display a high intensity in thicker 
areas, and in such specimens the HAADF signal is not necessarily due to a high atomic 
number.  Figure 2-3-9(b) exhibits an image typical to amorphous materials with no 
obvious contrast.  On the other hand, Figure 2-3-9(a) clearly demonstrates the contrast 
due to the nano-structure of the hybrid.  In the HAADF image, highlighted areas show 
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the positions of relatively heavy atom.  Therefore, the highlighted contrast in Figure 
2-3-9(a) shows titania domains, which have islet-like structures which are about 4 nm in 
diameter.  Same microscopic observation was conducted on T/S(10)p.  The obtained 
STEM/HAADF image was very similar to that of T/S(5)p (Figure 2-3-10).  Therefore 
the nanostructures of T/S(5)p and T/S(10)p were the same, though the macroscopic 
morphology was different in their particle size. 
To confirm this observation, the chemical composition was analyzed by the EDS 
system.  Measuring on the dark area (Spot 1) and the highlighted area (Spot 2), it was 
confirmed that the peak due to Ti was relatively intense in Spot 2 (Figure 2-3-9(c)).  
These results revealed that the hybrid particle had an islet-like nano-structure, which 
consisted of titania and PDMS nano-domains.  These EDS spectra included signals 
from the vertical dimension of the specimen so that there was a peak due to Si even in 
the highlighted area.  This conclusion agreed with the results of IR and UV-Vis. 
spectroscopy as mentioned above. 
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Figure 2-3-8. STEM image of the ultra thin section of T/S(5)p. 
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Figure 2-3-9. STEM/EDS of T/S(5)p: 
(a) HAADF image with EDS measuring spots. 
(b) BF image. 
(c) EDS spectra at the measuring spots. 
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Figure 2-3-10. STEM/HAADF image of the ultra thin section of T/S(10)p. 
 
79 
2-3-3. Cosmetic applications 
2-3-3-1. Dispersibility and hydrophobicity 
Dispersion stability in silicone oil (decamethylcyclopentasiloxane) was measured 
by the sedimentation volume at intervals.  The hybrid particles were obviously 
superior to other conventional cosmetic materials (Figure 2-3-11).  This good 
dispersibility is due to low specific gravity, weak cohesive force and high affinity to the 
silicone oil. 
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Figure 2-3-11. Sedimentation volume in decamethylcyclopentasiloxane 
(a) Alumina-coated TiO2, (b) Methylhydrogenpolysiloxane-coated 
TiO2, (c) PDMS-coated TiO2, (d) Micronized TiO2 (silica and 
alumina-coated), (e) T/S(10)p 
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Contact angle measurement was performed to evaluate the hydrophobicity of the 
hybrid particles T/S(10)p.  The contact angle of T/S(10)p was nearly 150 degree, 
whereas that of the conventional PDMS-coated titania was around 140 degree.  The 
hydrophobicity of the hybrid particle originated in the silicone phase is higher than that 
of the particles coated with silicone by the surface treatment technique. 
 
2-3-3-2. Product evaluations 
A powdery make-up foundation was prepared and evaluated to verify the 
properties of the titania/PDMS hybrid particles.  As a control, a powdery foundation 
containing the silicone-coated titania was also prepared.  A sensory evaluation was 
performed for these products in terms of softness, smoothness in application, and 
natural finish.  As a result, the one prepared with the titania/PDMS hybrid particles 
was superior in all subjects (Figure 2-3-12), which was able to attributed to the softness 
and the spherical morphology of the hybrid particles.  Furthermore, these powdery 
foundations were applied on the forearm skin, and observed by a microscope (×100) 
(Figure 2-3-13).  The image of the “hybrid” foundation has lower contrast relative to 
that of the control one, due to blurring of the skin contour.  This feature probably 
contributed to the natural finish in the makeup. 
The in vitro SPF value of the products was measured by the SPF analyzer based 
on the Deffey method.  In case of in vivo SPF measurement the amount of the product 
for application is around 2 µg/cm2, however, in this measurement the amount was about 
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1 µg/cm2 because the powdery products had not applied on the tape easily.  The 
experimental value of the product prepared with the hybrid particles was about twelve, 
on the other hand, the value of the control product was about six. 
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Figure 2-3-12. Sensory evaluation of the powdery foundations: “Naturalness 
of looking”, “Softness” and “Smoothness” of the samples 
were scored on a five point scale (1 = none, 5 = strong) by 
sensory panels. 
 
2-3-3-3. Adsorption property for a skin-damaging agent 
Coproporphyrin is known as one of the photo-enhancing substances on the skin 
(Arakane et al., 1996).  It is produced by Propionibacterium acnes in sebaceous gland.  
Under UV irradiation, photo-induced damaging occurs on the skin because of oxidation 
of the skin lipid.  If this kind of substances would be removed from skin and 
deactivated, that skin damaging could be prevented.  From this point of view, the 
obtained hybrid particles were utilized as an adsorbent.  In this report, 
hematoporphyrin was used instead of coproporphyrin because of availability.  Hemato- 
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Figure 2-3-13. Microscope observation of the powdery foundation applied on the 
forearm skin. (×100) (a) Before application, (b) the powdery 
foundation prepared with the titania/PDMS hybrid particles 
T/S(10)p, (c) Control. 
 
 
 
83 
porphyrin has similar structure as well as the photo-enhancing character to 
coproporphyrin. 
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Figure 2-3-14. Adsorbed amount of hematoporphyrin. 
 
The adsorption amount of hematoporphyrin was measured on UV-Vis. 
spectroscopy.  Comparing with conventional pigments, it was found that the 
titania/PDMS hybrid particles which had a particular composition had higher adsorbing 
ability for hematoporphyrin in water-surfactant-ethanol system (Figure 2-3-14).  The 
hybrid particle T/S(10)p derived from the molar ratio at 10:1 (TIP: methoxy-PDMS) 
adsorbed almost 70 % of hematoporphyrin after the treatment, whereas porous silica 
which is typical adsorbing agent had not adsorb hematoporphyrin.  This may be due to 
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the hydrophobicity and the porous character.  However, T/S(2.5)p and T/S(5)p did not 
adsorb hematoporphyrin at all.  The adsorbed amount depends on the composition of 
the hybrid particles.  This means that the adsorption ability of the hybrid particle is 
affected by the surface morphology and/or the chemical conditions at molecular scale. 
These results revealed that the titania/PDMS hybrid particles not only protects the 
skin from photodamage by blocking UV exposure but also able to safely remove 
photo-enhancing substances secreted from the skin to prevent oxidation of the skin 
lipid. 
 
 
2-4. CONCLUSIONS 
 
(1) Spherical particles of titania/PDMS hybrid with the diameter of 0.5 µm to 50 µm 
were successfully synthesized from titanium tetraisopropoxide and 
methoxy-functionalized PDMS by the sol-gel method combining with the 
co-precipitation method.  Nano-scale hybridization between titania and PDMS was 
confirmed by TEM observations.  The hybrid particles had islet-like nanostructures, 
which consisted of titania and PDMS domains of nanometer sizes.  The refractive 
index of the hybrid particles could be controlled by varying the titania/PDMS ratio.  
Moreover, the hybrid particles had elastic properties originated from the PDMS 
component. 
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(2) A cosmetic product prepared with the titania/PDMS hybrid particles was found to 
be superior to a conventional product especially in soft feel and natural finish.  
Furthermore, the titania/PDMS hybrid particles were able to adsorb hematoporphyrin 
which was a kind of photo-enhancing substances.  These unique characters of the 
titania/PDMS hybrid particles offer new possibility for novel functional cosmetic 
products. 
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CHAPTER 3 
 
Synthesis of titania/poly(dimethylsiloxane) hybrid films 
3-1. INTRODUCTION 
 
In this chapter, titania/PDMS hybrids were synthesized as “self-standing” films, 
following the particles as described in CHPATER 2, from the view point of the control 
of the macroscopic morphology.  Film is an ideal morphology for optical 
characterization and certain applications.  Oxide containing silicone films have been 
synthesized for the applications to the surface modification or functionalization of 
glasses (Schmidt, 1994) and plastics (Lee et al., 2002), separation membrane (LaPack et 
al, 1994, Dirè et al., 1997, Jose et al., 2004) and so on (Yamada et al., 2000). 
As the coating materials for various purposes such as reflective coatings, colored 
coatings, antireflective coatings, and more recently active coatings for non-linear optics, 
inorganic/organic hybrid materials have been developed actively (Esquivias (ed.), 1992).  
The inorganic/organic coatings have advantages over pure inorganic systems because 
the thick layers up to several µm can be obtained due to their high relaxation ability, and 
various organic functions can be incorporated.  An antifogging inorganic/organic 
coating for glasses was reported by Schmidt (1994).  Fogging on glass surfaces is the 
result of a droplet type condensation of water below the dew point, which is attributed 
to the hydrophobic character derived from the adsorption of bipolar organic molecules.  
To prevent this phenomenon, a polyurethane-based coating system incorporating a 
surfactant is commercialized, in which the controlled release of the surfactant make the 
glass surface hydrophilic.  But this kind of system has a drawback in the physical 
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durability.  Schmidt et al. have synthesized an inorganic/organic coating material for 
antifogging system by using aluminum alkoxide and, silicon alkoxide and an 
alkoxysilane including an epoxy group in the presence of a surfactant (Figure 3-1-1).  
This hybrid coating provided the glass surface the long-term wettability due to the 
controlled release of the surfactant, and reduction of adsorption of the bipolar organic 
molecules on the surface by replacing Si-OH groups by non-ionic C-OH groups. 
 
 
 
 
 Figure 3-1-1. Schematics of the synthesis of an inorganic-organic 
matrix system containing a –COH group (Schmidt, 
1994) 
 
As to the standing films, inorganic/organic hybrids have been received attention 
in the applications for separation membranes.  In the inorganic/organic system, organic 
components contribute to the formation of defect free membranes and make it less 
brittle, on the other hand, inorganic moieties give the membranes chemical and 
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temperature stabilities.  Dirè et al. reported the synthesis of inorganic/organic 
membranes by co-hydrolysis of various TEOS/methyl triethoxy silane (MTES) mixtures 
for both purposes of improvement in separation properties and maintenance of favorable 
permeability and thermal resistance (Dirè et al., 1997).  They investigated the gas 
permeation of the hybrid membranes with Ar, He and N2.  The separation performance 
of these hybrid membranes was higher than that of pure silica sol-gel derived 
membranes and depended on the chemical composition.  More recently, José et al. 
have synthesized inorganic/organic films based on PDMS, pentaerythrithol triacrylate 
and 2-amino-3-aminopropyltrimethoxysilane to evaluate gas separation (José et al., 
2004).  It was reported that the improvement of the mechanical stability of the film and 
a noticeable decrease in the solvent sorption were achieved by introducing silica phase, 
which derived from the hydrolysis of TEOS, as an additional crosslinker to the hybrid 
network. 
In this chapter, the synthesis of titania/PDMS hybrid “self-standing” films by 
solvent evaporation will be described.  The present syntheses are applicable 
approaches for such above purposes due to the ease of operation and versatility of the 
composition.  In addition, titania containing hybrid films are expected to have a high 
refractive index and good UV filtering ability, and to have potential applicability to 
photocatalysts. 
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3-2. EXPERIMENTAL 
 
3-2-1. Materials 
Titanium tetraisopropoxide (TIP) (Wako 1st grade 95 wt%+) was purchased from 
Wako Pure Chemical Ind., Ltd., 2-propanol (reagent grade) and hydrochloric acid 
aqueous solution (35 wt%, reagent grade) were purchased from Kanto Chemical Co., 
Inc. (Tokyo, Japan).  Methoxy-functionalized PDMS with a number-average 
molecular weight of 1080 (methoxy-PDMS, Scheme 2-2-1) was supplied by Shin-Etsu 
Chemical Co., Ltd. (Tokyo, Japan).  These chemicals were used without further 
purification. 
 
3-2-2. Sample Preparation 
A transparent titania sol was synthesized by slowly adding distilled water and 
hydrochloric acid aqueous solution diluted with 2-propanol to TIP at room temperature 
as described in CHAPTER 2.  The molar ratio of TIP, water, and hydrochloric acid 
was 1:1:0.02, and the amount of 2-propanol was 400 ml for 1 mol of TIP.  The sols 
containing titanium dioxide and oligomeric PDMS were prepared by mixing the titania 
sols with 21.0 g of methoxy-functionalized PDMS diluted with 20 ml of 2-propanol, 
where the molar ratios of TIP and methoxy-functionalized PDMS were 10:1, 5:1 and 
2.5:1, abbreviated as T/S(10)f, T/S(5)f, and T/S(2.5)f respectively.  2 ml of the sol was 
deposited on poly(ethylene) film which was stretched on the underside of glass petri 
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dish (76 cm2) and dried in air at ambient temperature for 1 day to remove the solvent 
and to complete the condensation of the alkoxides.  The dried films were peeled off 
from the substrates, yielding transparent and flexible films. 
 
 
 
 
 
Figure 3-3-1. Photograph of the as-synthesized titania/PDMS hybrid film (T/S(10)f). 
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3-2-3. Characterization 
The images of the films were obtained by scanning electron microscopy (SEM) 
(JEOL, JSM-6301F) equipped with an energy-dispersive X-ray spectroscopy (EDS) 
system.  The films were coated with platinum by an ion sputter (JEOL JFC-1600).  
For the observation of the cross section, the as-synthesized film was embedded in an 
epoxy resin matrix (Quetol 812; Nissin EM), and cut by a razor to expose the cross 
section of the film.  This resin block including the film was also coated with platinum 
before the SEM observation.  The chemical compositions of the films were determined 
for the measuring area of 1×1 cm by an electron probe micro analyzer (EPMA) 
(JXA-733, JEOL) with the beam spot size of 50 µm.  Fourier transform infrared 
(FT-IR) spectra of the films were measured with a Shimadzu FT/IR-8200PC in the 
range of 4000-400 cm-1.  X-ray diffraction (XRD) patterns were obtained with Rigaku 
RADIIB (Cu Kα) operated at 40 kV and 20 mA in the 2θ = 5-60° range. 
 
 
3-3. RESULTS AND DISCUSSION 
 
As-synthesized films were transparent and flexible with the thickness of ca. 10 
µm.  As a typical example, a photograph and a SEM image of the as-synthesized film 
T/S(10)f are shown in Figure 3-3-1 and Figure 3-3-2, respectively.  The titania and 
PDMS phases were mixed very homogeneously at nanometer scale, so that no phase 
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 Figure 3-3-2. SEM images of the cross sections of the titania/PDMS 
hybrid film (TS(10)f). 
 
 
 
 
 
Figure 3-3-3. SEM image of a cross section of the as-synthesized film T/S(10)f 
with the result of line analysis by an EDS system. The curves 
superimposed on the SEM image represent the intensity profiles of 
the characteristic X-ray of (a) Si and (b) Ti. 
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separation between the titania phase and the PDMS phase was observed by the SEM 
observation even at a very high magnification (~ ×100,000).  In the study on the 
preparation and characterization of the titania/PDMS hybrid particles described in the 
CHAPTER 2, it was also impossible to observe the titania/PDMS interface by the SEM 
observation. 
 By means of EPMA, it was confirmed that the Ti/Si ratios of the as-synthesized 
films corresponded to that of the starting solutions (Table 3-3-1) and were constant 
throughout the in-plane of the films.  The Ti/Si ratios of the titania/PDMS hybrid films, 
which were synthesized from titanium tetraisopropoxide and PDMS, previously 
reported (Shindou et al., 2003, 2004) were in the range of about 0.025 to 0.063, which 
were estimated from an average molecular weight of PDMS they used.  Compared 
with the reported materials, the present hybrids contained a much higher amount of Ti.  
The high Ti content is an advantage of the present hybrids films for a certain kind 
applications such as photocatalytic and UV shielding ones. 
 
 
Table 3-3-1. Chemical composition of the titania/PDMS hybrid films 
Molar ratio of starting materials: TIP/Methoxy-PDMS 
(Atomic ratio: Ti/Si) 
Experimental value 
(average value of 10 spots) 
2.5/1 (0.21) 2.9/1 (0.24) 
 5/1 (0.42) 5.4/1 (0.45) 
10/1 (0.83) 11.7/1 (0.98) 
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In order to confirm the homogeneity in the direction of the thickness, a line 
analysis was performed in a cross section of the T/S(10)f film with a SEM/EDS system.  
The intensity profiles of the characteristic X-rays of Ti and Si superimposed in the SEM 
image demonstrated that the concentrations of Ti and Si were constant within the film 
(Figure 3-3-3).  Based on the above results, it was concluded that titania and PDMS 
are hybridized homogeneously at least within the range of the spatial resolutions of the 
present SEM and EPMA observations.  On the other hand, Shindou et al. found that 
the hybrids on polyimide sheets after the heat treatment at 150°C had the 
continuous-phase structure (lamellar structure) or “sea-island” structure in a micrometer 
scale due to the phase separation (Shindou et al., 2004).  The difference in the 
microstructure was ascribed to the difference in the starting materials and the synthetic 
processes. 
No diffraction peak due to any crystalline phases was observed in the XRD 
patterns of the as-synthesized films (data were not shown).  In the IR spectrum of 
T/S(10)f (Figure 3-3-4), the absorption bands due to silicone appear at 1263 cm-1 (CH3 
bending vibrations), 1099 and 1026 cm-1（Si-O stretching vibrations） (Smith, 1960, 
1963, 1984).  At the low wavenumber region, a broad absorption band due to skeletal 
vibration of Ti-O-Ti was observed.  As a whole, the profile of the spectrum was an 
overlapping of the separate absorptions due to titanium dioxide and PDMS as well as 
the hybrid particles.  The profiles of IR spectra of T/S(5)f and T/S(2.5)f were 
essentially similar to that of T/S(10)f except the intensities of absorption band of 
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silicone, which corresponded to the ratio of silicone to titania.  The absorption bands 
ascribable to Si-O-Ti bond, which were reportedly observed at around 920-960 cm-1 
(Wang et al., 1990, Miller et al., 1995), was not observed in the as-synthesized film as 
well as the hybrid particles.  The absorption band due to Si-O-Ti in the present system 
might be masked by the bands due to Si-CH3 and Ti-O-Ti bonds because the amounts of 
Si-O-Ti bonds at the interface of titania and silicone domains were relatively small. 
Figure 3-3-5 shows the UV-Vis. absorption spectra of the films.  The absorption 
edge derived from the spectra suggested that the Ti atoms form titania domains rather 
than to be isolated ions in the present system.  The absorption edges determined from 
the spectra were observed at lower wavelength regions relative to that of anatase (385 
nm).  The absorption bands shifted to shorter wavelength regions from 341 nm to 334 
nm as the titania contents decreased from Ti/Si = 0.83 (T/S(10)f) to 0.21 (T/S(2.5)f).  
Previously mentioned microscopic observation revealed that the sizes of the titania 
phases were very small.  As described in CHAPTER 2, a quantum size effect may 
cause such spectral blue shift. 
Thus, titania/PDMS hybrid films were successfully synthesized as transparent, 
flexible and “self-standing” ones.  Such morphological variety of titania/PDMS hybrid 
enhances the applicability to the functional materials in various fields.  Further studies 
on the synthesis of hybrids with different silicones, compositions and properties are 
worth conducting. 
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 Figure 3-3-4. IR spectrum of the titania/PDMS hybrid film (TS(10)f). 
 
 
 
 
 
Figure 3-3-5. UV-Vis. spectrra of the titania/PDMS hybrid films: (a) 
T/S(2.5)f, (b) T/S(5)f, (c) T/S(10)f.
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3-4. CONCLUSIONS 
 
Titania/PDMS hybrids were prepared as transparent, homogeneous, and flexible 
films with the thickness of ca. 10 µm by the solvent evaporation from the precursor 
solution prepared by the co-hydrolysis and co-condensation of titanium 
tetraisopropoxide and methoxy-functionalized PDMS.  The results of the microscopic 
and spectroscopic analysis revealed that titania and PDMS were hybridized at 
nanometer scale as well as the titania/PDMS hybrid particles described in the previous 
chapter.  The ease of operation and the versatility in the composition will be useful for 
the applications such as coating films, separation membranes and so on. 
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CHAPTER 4 
 
Thermal properties 
of the titania/poly(dimethylsiloxane) hybrids 
4-1. INTRODUCTION 
 
The thermal properties of the titania/PDMS hybrid particles and films, which 
were described in CHAPTER 2 and 3, were investigated in this chapter. 
Titania-containing composite materials have attracted considerable attention 
because of their useful properties such as photocatalytic ones, optical properties 
utilizing the high refractive index, transparency in the visible light wavelength region, 
and a characteristic absorption in the UV wavelength region.  Among reported 
titania-containing materials, titania-containing silicas and silicates of both porous and 
nonporous ones are of practical interests due to the versatility of the nanostructures and 
the chemical and thermal stabilities.  Accordingly, titania-containing silicas and 
silicates with a wide variety of microstructures and compositions have been synthesized 
by various chemical means and their properties have been well documented (Brinker, 
1990).  For example, titania containing silicas (Davis et al., 1997, Ogawa et al., 2001, 
Abe et al., 1988), zeolites (Xu et al., 1997), and layered silicates (Sterte, 1986, 
Yamanaka et al., 1987) have been investigated.  Their microstructures are essential 
factors to determine the materials properties, so that further variation of the materials is 
a topic of interest toward optimum performance. 
The titania/PDMS hybrid particles and films have an islet-like nanostructure 
consists of titania and PDMS domains of nanometer size, namely, nanometer size titania 
particles are supported by the silicone.  Such a nanostructure may have a potential 
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advantage for certain applications such as catalytic ones and UV filters.  In this chapter, 
thermal decomposition of the titania/PDMS hybrid particles and films and phase 
transformation of titania domains in the hybrid particles were investigated.  The heat 
treatment at 400°C caused degradation of the organic groups of the silicone and had the 
hybrid particles and films transformed to the microporous ones.  Then the phase 
transformation (amorphous to anatase/rutile) occurred in the titania domains of the 
hybrids by the heat treatment at higher temperature. 
There have been several reports on the thermal properties of sol-gel derived 
organic/inorganic hybrid.  The transformation of the silica/poly(2-methyl-2-oxazoline) 
(PMeOXZ) hybrid to the porous silicas has been reported by Saegusa (1991).  The 
silica/PMeOXZ polymer hybrids with various compositions and molecular weight of 
PMeOXZ were synthesized by co-hydrolysis and co-condensation of TEOS and 
PMeOXZ in ethanol catalyzed by added HCl, followed by the heat treatment at 600°C 
where the organic moieties were decomposed almost completely.  The heat treatment 
resulted in the formation of the porous silica gel with the BET surface area of up to 810 
m2/g and the average pore diameter of 18.4 Å.  The author concluded that the pores 
were formed by the decomposition of the PMeOXZ domains in the hybrid system 
(Figure 4-1-1), and assumed that the pore sizes were depend on the conformation of 
PMeOXZ molecule at the time of inclusion in the framework of silica gel since these 
values were independent of the molecular weight of PMeOXZ. 
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Saegusa and coworkers also reported the control of pore size of porous silica by 
pyrolysis of the hybrid of silica and starburst dendrimers (Chujo et al., 1994).  Various 
starburst dendrimers having 0.5-5.5 generations were respectively synthesized (Figure 
4-1-2), and then these dendrimers were hybridized with silica derived from 
tetramethoxysilane (TMOS) by the acid-catalyzed sol-gel reaction.  The porous silica 
prepared by the heat treatment of these polymer hybrids at 600°C had various pore sizes 
from 10 Å to 18 Å, which corresponded well to the generation of the denderimer. 
 
 
Figure 4-1-1  
 
 
Figu
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. Schematic expression of calcination of silica gel hybrid.
(Saegusa, 1991)  
 re 4-1-2. Starburst dendrimers. (Chujo et al., 1994) 
al properties of the silicone-based organic/inorganic hybrids 
rè and coworkers have reported the thermal evolution and 
conia hybrids prepared by using diethoxydimethylsilane and 
different molar ratios (Dirè et al., 1999).  After the heat 
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treatment of the PDMS/zirconia hybrids at 600°C, those with 10% and 30% of Zr to (Zr 
+ Si) in molar ratio had BET surface areas of about 480 and 630 m2/g, respectively.  
The generated pores with size ranging from 1 to 2 nm distributed homogeneously, 
which was revealed by N2 sorption and TEM data.  On the other hand, the one with 
70% of Zr was virtually non-porous.  At 1000°C, the structural evolution of the 
silicone phase produced an amorphous silicon oxycarbide phase with finely dispersed 
tetragonal zirconia crystallites.  At 1400°C, the silicon oxycarbide phase generated a 
mixture of amorphous silica and crystalline silicon carbide polymorphs, whereas the 
zirconia phases were present as tetragonal and monoclinic.  Same authors have also 
reported the pyrolysis of PDMS/titania hybrids derived from the co-hydrolysis and 
co-condensation of diethoxydimethylsilane and titanium tetraisopropoxide (Ceccato et 
al., 2003).  Although this report was focused on the investigation of thermal alternation 
of hybrids above 1000°C by means of quantitative XRD analysis, it was noted that these 
hybrids after the heat treatment at 500 to 800°C had the BET surface areas of 159 to 384 
m2/g. 
Although there have been previous investigations of thermal analysis of the 
organic/inorganic hybrid materials shown above, it is worth to investigate the thermal 
properties of the hybrid materials further due to their practical applicabilities, variation 
of the microstructures and so on.  In this chapter, it was focused on the thermal 
behavior of the titania/PDMS hybrid particles and films ranged from 400 to 1000°C. 
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4-2. EXPERIMENTAL 
 
4-2-1. Materials 
Titanium tetraisopropoxide (abbreviated as TIP) was purchased from Wako Pure 
Chemical Industries (Wako 1st grade 95 %+ (wt)).  Methoxy-functionalized PDMS 
(methoxy-PDMS, Scheme 2-2-1) was supplied by Shin-etsu Chemical Co., Ltd.  These 
chemicals were used without further purification.  2-Propanol, methanol, aqueous 
ammonia solution (28.0 % NH3) and hydrochloric acid were analytical grade of Kanto 
Chemical Ind. Co., and they were used as received. 
 
4-2-2. Synthesis of the hybrid particles and films and following heat treatment 
The synthesis procedure of the titania/PDMS hybrid particles and films were 
same as that described in previous chapters (CHAPTER 2 and 3).  In the present 
chapter, the molar ratio of TIP and methoxy-PDMS was 10:1 for the hybrid particles, 
described as T/S(10)p in CHAPTER 2.  For the films, the ratios were 10:1, 5:1 and 
2.5:1, abbreviated as T/S(10)f, T/S(5)f, and T/S(2.5)f respectively as described in 
CHPTER 3. 
The hybrid particles were heated at 400°C in air for 1 hour to 24 hours in order to 
vary the degree of the decomposition of the organic groups.  For T/S(10)p, the 
duration was varied from 1 hour to 24 hours.  Furthermore, the hybrid particles were 
heated at 500°C, 700°C, 900°C, 1000°C and 1200°C in air for 2 hours to investigate the 
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phase transformation of the titania domains.  Concerning the hybrid films, they were 
heated at 400°C in air (with the heating rate of 10°C/min) for 1 hour in order to 
decompose the organic groups. 
 
4-2-3. Characterization 
Differential thermal analysis (DTA) and thermogravimetric analysis (TG) were 
carried out at a heating rate of 10°C/min using TA-200 (Rigaku) or EXSTAR6000 
TG/DTA (SII NanoTechnology).  The SEM micrographs of the particles and films 
were obtained by JEOL JSM-6700F equipped with an energy-dispersive X-ray 
spectroscopy (EDS) system.  Samples were coated with platinum by an ion sputter 
(JEOL JFC-1600).  The TEM micrographs of the hybrid particles were obtained by 
JEOL JEM-3000F (low resolution) and JEOL JEMARM-1250 (high resolution).  For 
the TEM observation, the particles were embedded in an epoxy resin (Quetol 812; 
Nissin EM), and then ultra-thin sections were prepared with a microtome (Super Nova; 
Reichert-Jung).  X-ray diffraction (XRD) patterns were obtained with Rigaku RINT 
2000 or Multiflex (Cu Kα) operated at 40 kV and 30 mA in the 2θ = 5-60° range.  N2 
adsorption/desorption curves of the particles at 77 K were obtained by BELSORP 28SA 
(Bel Japan Inc.).  Before the measurements, samples were evacuated in vacuum for 3 
hours at 120°C.  The pore size was estimated by BJH method (Barrett et al., 1951).  
The single point N2 BET surface area of the hybrid particles after the heat treatment at 
900°C was obtained at 77 K using Macsorb Model-1201 (Mountech Co., Ltd.).  CHN 
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elemental analysis was performed by Perkin Elmer 2400II.  Fourier transform infrared 
(FT-IR) spectra of the particles were measured with a JASCO FT/IR 660 Plus in the 
range of 4000-400 cm-1 using KBr disks.  Solid-state 29Si magic angle spinning (MAS) 
NMR spectra were performed on JEOL CMX400 spectrometer using the pulse sequence 
“1 pda (direct polarization on X with H decoupling)”.  Ultraviolet and visible 
(UV-Vis.) absorption spectra of the films were recorded on a UV-Vis. spectrometer 
(UV-3100PC, Shimadzu) in the range of 200-800 nm. 
 
 
4-3. RESULTS AND DISCUSSION 
 
4-3-1. Thermal properties of the titania/PDMS hybrid particles 
Transformation to microporous particles 
Transformation of the titania/PDMS hybrid particles to microporous ones by the 
heat treatment at 400°C was described in this section. 
Figure 4-3-1-1 shows the TG and DTA curves of the as-synthesized hybrid 
particles.  Weight losses were observed below 700°C and were attributed to the 
desorptions of remaining solvents and the thermal decomposition of the silicone.  A 
broad exothermic peak started from 200°C and centered at 400°C was seen in the DTA 
curve.  The exothermic reaction is attributed to the combustion of methyl and 
methylene groups of the silicone.  There is another exothermic peak around 650°C, 
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which might be related to the phase transition of the titania domains, because there is no 
weight loss around this temperature range in the corresponding TG curve and a 
diffraction peak ascribed to anatase was observed after the heat treatment at 700°C for 2 
hours (which will be described in next section, see Figure 4-3-1-9).  No other specific 
reaction was observed at higher temperature range in the DTA curve.  Judging from 
the TG-DTA results, heat treatments at different temperatures and time periods may 
result in products with different compositions and porosities.  In this section, the 
thermal treatment was conducted at 400°C and the duration was varied to control the 
compositions and nanostructures. 
 
 
 Figure 4-3-1-1. TG and DTA curves of the titania/PDMS hybrid particles. 
 
 
Figure 4-3-1-2 shows the SEM images of the particles before and after the heat 
treatment for 24 hours.  For the as-synthesized sample, aggregates of the sub-micron 
sized spherical particles and the fused particles were observed (Figure 4-3-1-2(a)).  
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The compositions did not vary among the individual particles, as confirmed by 
SEM/EDS measurement.  After the heat treatment at 400°C, regardless of the heating 
time, the spherical particle morphology was retained as observed by SEM. 
 
 
 
 
 
 
 
Figure 4-3-1-2. SEM images of the titania/PDMS hybrid particles (a) 
as-synthesized sample, (b) 400ºC, 24 h.
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Figure 4-3-1-3. (a) TEM images of the titania/PDMS hybrid particles after 
the heat treatment at 400ºC for 24 h. (b) Enlargement of (a). 
 
117 
No diffraction peak was observed in the XRD pattern of the as-synthesized 
sample, indicating that the as-synthesized sample was X-ray amorphous as described in 
CHAPTER 2.  The TEM image of the ultra-thin section of a particle after the heat 
treatment at 400°C for 24 hours showed an amorphous structure (Figure 4-3-1-3), which 
is consistent with the XRD result showing no obvious diffraction peak (Figure 4-3-1-4).  
If compared with the XRD pattern of the as-synthesized sample, a very broad and weak 
protuberance was observed at around d = 3.5 Å in the XRD patterns of the samples after 
the heat treatment.  This protuberance can be attributed to the halo pattern due to the 
amorphous silica or the (101) diffraction line of the anatase. 
 
 
 Figure 4-3-1-4. XRD patterns of the titania/PDMS hybrid particles. 
(a) as-synthesized sample, (b) 400ºC, 1 h, (c) 400ºC, 
6 h, (d) 400ºC, 7 h, (e) 400ºC, 24 h. 
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The nitrogen adsorption-desorption isotherms of the samples before and after the 
heat treatment were measured to evaluate the porosity.  The surface areas were 
calculated using the BET equation and the results are presented in Table 4-3-1-1.  The 
BET surface area of the as-synthesized sample was 48 m2/g.  The outer surface area 
was estimated at 6 m2/g by assuming that all the particles had same dimension with 0.5 
µm in diameter and specific gravity of 1.0, so that the as-synthesized sample had 
internal pores with the BET surface area of 42 m2/g.  By the heat treatment at 400°C, 
the BET surface area increased to over 360 m2/g, indicating the development of pores in 
the particles.  The isotherms for all the samples after the heat treatment were Type II 
according to the BDDT classification, showing the samples were microporous (Figure 
4-3-1-5). 
 
 
Table 4-3-1-1. BET specific surface area and carbon contents of  
the samples treated at 400ºC. 
 BET specific surface area (m2/g) Carbon contents (%) 
As-synthesized   48.2 14 
 1 h 307   8.8 
 6 h 362   4.4 
 7 h 368   3.4 
24 h 355   1.7 
 
 
The carbon contents of the samples determined by the elemental analysis are also 
shown in Table 4-3-1-1.  As the treatment time became long, the carbon content 
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decreased gradually, indicating the gradual thermal decomposition of the organic groups.  
The BET surface areas showed a tendency to increase with decreasing carbon content.  
These results revealed that the micropores were formed by the decomposition of the 
organic groups in the silicone domains during the heat treatment at 400°C. 
 
 
 rFigure 4-3-1-5. N2 adsorption/deso ption isotherm of the particle with 
the heat treatment at 400ºC for 5 h. 
 
 
The variation of the IR spectra of the samples support the above mentioned idea 
on the decomposition of the organic groups of the silicone by the heat treatment at 
400°C (Figure 4-3-1-6).  In the spectrum of the as-synthesized sample, the absorption 
bands due to Si-CH3 appeared at 1401, 1261 and 801 cm-1.  These three bands are 
assigned to Si-CH3 asymmetric bending vibration, Si-CH3 symmetric bending vibration, 
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and Si-CH3 stretching and CH3 rocking vibration mode (Smith, 1960, 1963, 1984).  
The bands due to Si-CH3 decreased sequentially by the heat treatment at 400°C for 
different durations.  The absorption band due to Si-CH3 around 1400 cm-1 disappeared 
almost completely, while the band around 1260 cm-1 still remained after the treatment 
for 24 hours.  The absorbance of the bands due to CH3 and CH2 asymmetric stretching 
vibration at 2962 and 2905 cm-1 also decreased gradually by the heat treatment and 
disappeared after the 24 hours treatment.  These results clearly reveal that the methyl 
and methylene groups in the silicone decomposed mostly and only small amount of 
organic groups remained after the heat treatment. 
 
 
 Figure 4-3-1-6. IR spectra of the titania/PDMS hybrid particles (a) as-synthesized 
sample, (b) 400ºC, 1 h, (c) 400ºC, 6 h, (d) 400ºC, 7 h, (e) 400ºC, 24 h. 
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As to the framework, the absorption bands due to Si-O asymmetric stretching 
vibration were observed at 1089 and 1028 cm-1 for the as-synthesized sample.  These 
bands are characteristic of the D unit of PDMS (Smith, 1960, 1963, 1984).  For the 
sample after the heat treatment for 1 hour, the Si-O band appeared to be a single broad 
absorption band at 1030 cm-1 with a shoulder at a higher wave number region.  This 
band shifted from 1030 cm-1 to 1046 cm-1 as the heating time became longer.  
Moreover, an absorption band emerged around 450 cm-1 after the heat treatment over 6 
hours, which can be assigned to the rocking motions of the oxygen atoms perpendicular 
to the Si-O-Si plane (Whang et al., 2001, Dirè et al., 1998).  These results reveal the 
change in the chemical environment of the silicon atom in the silicone domains; Si-O-Si 
network resulted by the heat treatment.  Additionally, a new band appeared at 900-930 
cm-1 after the heat treatment.  Previous studies have shown that the absorption band in 
this wavelength area has been ascribed to Si-O- and Si-O-Ti (Miller et al., 1995).  At 
present, the band can be ascribed to Si-O- superimposed onto Si-O-Ti.  For the 
as-synthesized sample, this absorption band could not be identified.  The absence of 
the band due to Si-O-Ti in the spectrum of the as-synthesized sample may be attributed 
to the small amounts of Si-O-Ti bonds at the interface of titania and silicone domains, 
so that the bands due to Si-O-Ti bond was masked by the bands due to Si-CH3 related 
and skeletal vibration of titania.  Upon the heat treatment, it is conceivable that SiO· 
and/or Si· are generated due to the removal of hydrogen from the methyl and methylene 
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groups of the silicone by oxygen atoms (Gunderson et al., 1962), resulting in the 
formation of Si-O-Ti bonds by the reaction with Ti-OH. 
The chemical environment of the silicon atoms in the hybrid particles was also 
investigated by means of the solid state 29Si MAS-NMR.  The as-synthesized sample 
had a predominant signal at -22 ppm relative to tetramethylsilane (Figure 4-3-1-7(a)).  
This signal was ascribed to the D unit of organosiloxane chain (Engelhardt et al., 1981).  
Weak signals due to M and T units were also observed at 8.6 and -55 ppm, respectively 
(Engelhardt et al., 1981), and are assigned to the silicon atoms of the siloxane chain 
bonded to the methylene group and that of the terminal silicon atom bonded to the 
methylene group, respectively.  After the heat treatment for 1 hour (Figure 4-3-1-7(b)), 
the signal intensity of the D unit decreased and that of the T unit increased.  The 
chemical shift of the T unit was shifted to higher magnetic field as compared to those of 
the T unit in the as-synthesized sample, whereas no significant change was observed in 
the chemical shift of bands due to the M and the D units.  For the samples after the 
heat treatment for 6 and 7 hours (Figure 4-3-1-7(c), (d)), the signal of the M unit 
disappeared, and the signal intensity of the D unit decreased significantly.  On the 
other hand, those of the T unit and the Q unit increased and these signals became 
broader than those observed for the as-synthesized sample.  After the treatment for 24 
hours (Figure 4-3-1-7(e)), the signal due to D unit disappeared, while the signal 
ascribable to T unit still remained. 
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Figure 4-3-1-7. Solid-state 29Si MAS-NMR spectra of the titania/PDMS hybrid 
particles (a) as-synthesized sample, (b) 400ºC, 1 h, (c) 400ºC, 6 h, 
(d) 400ºC, 7 h, (e) 400ºC, 24 h. 
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These results reveal the decomposition of the organic groups and the generation 
of Si-O-Si bonds.  In the early stage of the heat treatment, methyl groups of the 
siloxane chain were decomposed partially and the T units including Si-O-Ti and/or 
Si-O-Si bonds were generated.  Then, the decomposition of the methyl groups and the 
methylene groups progressed in the silicone domains and the Si-O-Si network structure 
developed.  The broadened 29Si-NMR profiles suggest the noncrystalline nature of the 
silica network.  Additionally, for the Q unit, it was observed that the top of the signal 
was separated into several parts and the signal intensity at the high field was enhanced 
by the longer heat treatment.  It can be postulated that Q2 and Q3 decreased and Q4 
increased by the heat treatment.  However, one has to keep in mind that the signal to 
noise ratio in these NMR spectra is high.  In addition, the spectrum of the sample after 
the heat treatment for 24 hours demonstrated that there remained methyl or methylene 
groups in the silicone domains. 
The organic groups of the silicone in the titania/PDMS hybrid particles were 
decomposed by the heat treatment at 400°C, which resulted in the transformation of 
silicone to amorphous silica and the generation of the micropores, while the spherical 
morphology of the particles was retained.  Since the structural change of the titania 
domains was not evidenced by XRD and TEM results, it was presumed that the 
resulting particles were also retained the islet-like nano-structure, which consist of the 
amorphous titania domains of nanometer size and the silica network instead of the 
silicone. 
125 
Thus, the microporous titania/silica hybrid particles, which retained a small 
amount of the silicone part, were obtained by the thermal decomposition of the organic 
groups.  This type of the silicone-based porous material might be expected to have a 
characteristic adsorptive property originating from the hydrophobic character of the 
silicone.  Besides, the organic groups of the silicone are easy to be substituted by other 
functionalities, and it may be possible to control the pore size of the obtained porous 
materials corresponding to the size of the substituents by their thermal decompositions 
(Ou et al., 2003, Chujo et al., 1994, Saegusa, 1991).  Such a thermal decomposition 
procedure applied to the titania/silicone hybrid is a potentially useful methodology to 
synthesize various porous materials. 
 
Phase transformation of the titania domains in the hybrid particles 
In this section, phase transformation of the titania domains in the hybrid particles 
by the heat treatment at higher temperatures (500~1200°C) was described. 
The thermal decomposition of the organic groups in the silicone was confirmed 
by the IR spectra of the calcined products.  The IR spectra are shown in Figure 4-3-1-8.  
The absorption bands due to Si-CH3 (1401, 1261, 801 cm-1) and stretching vibrations of 
CH3 and CH2 (2962 and 2905 cm-1) disappeared after the heat treatment at 700°C.  
Absorption bands due to Si-O asymmetric stretching vibration (1089 and 1028 cm-1) for 
the as-synthesized sample, which are characteristic of the D unit of PDMS (Smith, 1960, 
1963, 1984), transformed to be a broad absorption band centered at 1050 cm-1 with a 
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shoulder at a higher wave number region.  This band shifted from 1050 cm-1 to 1100 
cm-1 and the intensity of the shoulder band increased when the sample was heated at a 
higher temperature.  Lenza et al. reported the spectral shift to higher frequency of Si-O 
band due to thermal treatment on the sol-gel derived silica, and ascribed it to a larger 
intratetrahedral bond angle, a stronger Si-O bond strength, and a shorter bond length 
(Lenza et al., 2001).  Though the exact origin of the spectral shift of Si-O band 
observed in the present system is not clear at present, such explanation can be 
applicable to the present system. 
In addition to the above mentioned absorption bands, an absorption band was 
emerged around 450 cm-1 after the heat treatment, which can be assigned to the rocking 
motions of the oxygen atoms perpendicular to the Si-O-Si plane (Whang et al., 2001, 
Dirè et al., 1998).  29Si MAS-NMR measurement (Figure 4-3-1-7) showed that the 
signal intensity of the D unit of the organosiloxane chain decreased significantly as the 
heating time became longer, whereas those of the T and Q units increased and these 
signals became broader.  These observations indicated that the thermal decomposition 
of the organic groups led the development of Si-O-Si bond.  Additionally, a new band 
appeared at 940 cm-1 after the heat treatment.  For silica-titania composites, absorption 
bands around this wavenumber region have been ascribed to Si-O- superimposed on 
Si-O-Ti (Miller et al., 1995).  Overall, the profile of the IR spectra changed from an 
overlapping of the separate absorption bands due to titania and PDMS to an overlapping 
of the separate absorption bands due to titania and silica after the heat treatment. 
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Figure 4-3-1-8. IR spectra of the titania/PDMS hybrid particles before and after the 
heat treatment: (a) as-synthesized sample, (b) 500ºC, 2 h, (c) 700ºC, 
2 h, (d) 900ºC, 2 h, (e) 1200ºC, 2 h. 
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Figure 4-3-1-9. XRD patterns of the titania/PDMS hybrid particles befor and after 
the heat treatment: (a) as-synthesized sample, (b) 500ºC, 2 h, (c) 
700ºC, 2 h, (d) 900ºC, 2 h, (e) 1000ºC, 2 h, (f) 1200ºC, 2 h. 
“Anatase” and “rutile” are abbreviated as A and R, respectively. 
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Figure 4-3-1-9 shows the XRD patterns of the products before and after the heat 
treatment.  No diffraction peak was observed in the pattern of the as-synthesized 
sample as described in CHAPTER 2 on the preparation of the titania/PDMS hybrid 
particles.  By the thermal treatment at 400°C, there was no obvious diffraction peak in 
the XRD patterns of the samples except for the very broad and weak protuberance at 
around d = 3.5 Å (2θ = 25°).  It was speculated that the protuberance was attributed to 
the halo pattern due to the amorphous silica or the (101) diffraction line of the anatase.  
From this fact and the TEM observation (data not shown), it was concluded that the 
titania domains was not well crystallized even after the heat treatment at 400°C.  After 
the heat treatment at 500°C, the protuberance centered at d = 3.5 Å was more 
distinguishable from the background. 
In the XRD pattern of the sample heated at 700°C, broad diffraction peaks 
ascribable to anatase appeared.  The sharpness of the diffraction peaks were 
pronounced in the pattern of the sample heated at 900°C, however, no further change in 
the profile and the intensity was observed by the heat treatment at 900°C for a longer 
period (6 hours).  After the heat treatment at 1200°C, the diffraction peaks due to 
anatase sharpened to reflect the increase in the crystallite size of the anatase.  In 
addition to the diffraction peaks due to anatase, sharp diffraction peaks due to rutile 
phase appeared. 
It has been reported that amorphous titania prepared by sol-gel process was 
transformed to anatase by the heat treatment at 400 to 600°C (Kogure et al., 1999), and 
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the temperature range at which anatase transforms to rutile ranged from 400 to 1200°C 
(Kim et al., 1998).  The thermal transformation temperatures depend on various factors 
such as the impurities and the preparative method (Kumar et al., 1993, Yoldas, 1986).  
In the present system, the temperature of phase transformation was relatively high if 
compared with those reported for sol-gel derived titania particles (Kumar et al., 1993, 
Yoldas, 1986, Gribb and Banfield, 1997).  This difference can be attributed to the 
interactions between the titania domains and the silica matrix, and the size of the titania 
domains.  For the sol-gel derived silica-titania composites, it has been reported that 
surrounding silica matrix delayed both crystallization and transformation of the titania 
domains upon heat treatment (Abe et al., 1988, Miller et al., 1994).  Though Si-O-Ti 
bonding in the titania/silica interface could be a reason to stabilize amorphous titania or 
anatase domains (Ding et al., 2000), there might be other factors responsible for the 
thermal behavior. 
Regarding the size of titania, Zhang et al. investigated the thermodynamic phase 
stability of nanocrystalline titania (Zhang et al., 1998, 2000).  They concluded that the 
particle size played important role on the phase transformation behavior of 
nanocrystalline titania, and anatase was most thermodynamically stable at the sizes less 
than 11 nm (Ha et al., 2000).  Though the above-mentioned studies were conducted for 
pure titania nanocrystalline, their concept of the phase stability may be applicable to the 
titania domains in silica-titania.  In addition, the preparative method also affects 
significantly crystallization behavior of titania by heat treatment.  For sol-gel synthesis 
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of pure titania particles, for example, the influence of alcohol rinsing on the precipitated 
titania derived from titanium chloride (Ha et al., 2000, Youn et al., 1999), peptizing 
treatment by concentrated HNO3 on the precipitated titania derived from TIP (So et al., 
2001) have been reported. 
Figure 4-3-1-10 shows the SEM micrographs of the samples before and after the 
heat treatment.  There was no obvious change in the spherical morphology by the heat 
treatment at 500°C.  After the heat treatment at 900°C, the spherical particles were, in 
part, fused each other (Figure 4-3-1-10(d)).  The BET surface area of the sample 
heated at 900°C was about 9 m2/g, while that of the sample heated at 400°C was over 
300 m2/g, indicating densification of the microporous structure.  After the heat 
treatment at 1200°C for 2 hours, the fused particles increased markedly, and 
protuberances were observed on the surface of the particles (Figure 4-3-1-10(e)), which 
suggested the micro-structural alteration in the particles.  The increase in the size of 
titania domains accompanied by densification with heat treatment in the sol-gel derived 
silica-titania has been reported (Mountjoy et al., 2000, Gonzalez-Oliver et al., 1982).  
It has been assumed that the diffusion controlled growth and the “precipitate coarsening 
effect” were occurred by heat treatment of the silica-titania composite (Gonzalez-Oliver 
et al., 1982). 
TEM observations were performed for the ultra-thin section of these particles.  
For the sample after the heat treatment at 500°C, the TEM image at the low 
magnification (~×100,000) showed amorphous-like structure same as the sample after 
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the heat treatment at 400°C as described in the previous section.  In the TEM image 
with a higher magnification (×1,200,000), lattice fringes were observed at the 
near-surface area of a particle (Figure 4-3-1-11).  For the sample after the heat 
treatment at 900°C, particle-shaped lattice fringes with a diameter of approximately 6 
nm were observed in the entire region of a particle, indicating the elaboration of 
crystallites in a particle (Figure 4-3-1-12).  No obvious change was observed in the rest 
of these fringes in a particle.  These lattice fringes were attributed to the crystallites of 
anatase together with the result of XRD, which were transformed from the amorphous 
titania domains.  Judging from this image, almost all of the titania domains were 
transformed to anatase.  The size of each of the fringes was consistent with the size of 
the crystallite estimated from the peak width of the XRD pattern of the sample heated at 
900°C by the Sherrer equation.  The surrounding area of the crystallites could be 
comprised of silica derived from the thermal decomposition of the silicone. 
The as-synthesized particles had an islet-like nano-structure consisted of titania 
and PDMS domains of nanometer size, which was obtained from SEM/HAADF 
examination, as described in CHAPTER 2.  The size of the titania domains in the 
as-synthesized particles was approximately 4 nm in diameter, so that there was no 
significant change in the domain size after the heat treatment at 900°C.  Meanwhile, 
for the sample after the heat treatment at 1200°C, the titania crystallites appeared as 
high contrast particles with 40-100 nm in diameter in a particle (Figure 4-3-1-13).  
Lattice fringes were observed for these particle shape images at high magnification.  
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Together with the result of XRD analysis, these particles were anatase and rutile 
crystallites, which were derived from the diffusion and fusion of the titania domains in a 
particle upon the heat treatment at 1200°C. 
Judging from these results, it was concluded that the amorphous titania domains 
in the as-synthesized titania/PDMS hybrid particles were transformed to anatase in the 
domains at the near-surface area by the heat treatment at 500°C for 2 hours, then almost 
all of the titania domains of the particles transformed to anatase crystallites by the heat 
treatment at 900°C for 2 hours.  After the heat treatment at 1200°C for 2 hours, these 
crystallites in the particles grew and transformed to rutile partially. 
The products obtained by the thermal decomposition of titania/PDMS hybrid 
particles showed a very fine dispersion of titania of nano meter size in the spherical 
particles.  In other words, titania nano-particles were encapsulated in the spherical 
silica matrix.  Materials with this kind of morphology and nano-structure are thought 
to be potentially useful for a photocatalyst.  However, by the heat treatment at 900°C, 
microporous structure of the particles was collapsed due to densification.  Further 
studies will be needed to control the porosity and to lower the temperature of the 
amorphous-anatase transformation.  The interface of titania and silicone/silica is still 
not clear at molecular level. 
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Figure 4-3-1-10. SEM images of the titania/PDMS hybrid particles before and after 
the heat treatment: (a) as-synthesized sample, (b) 500ºC, 2 h, (c) 
700ºC, 2 h, (d) 900ºC, 2 h, (e) 1200ºC, 2 h. 
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Figure 4-3-1-11. TEM image of the titania/PDMS hybrid particles after 
the heat treatment at 500ºC. 
 
 
   
 
 
Figure 4-3-1-12. (a) TEM images of the titania/PDMS hybrid particles after the heat 
treatment at 900ºC. (b) Enlargement of (a). 
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 Figure 4-3-1-13. (a) TEM images of the titania/PDMS hybrid particles after the heat 
treatment at 1200ºC. (b) Enlargement of (a). 
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4-3-2. Thermal decomposition of the titania/PDMS hybrid films 
In this section, transformation of the titania/PDMS hybrid films to the 
microporous ones by the heat treatment at 400°C was investigated, as well as the hybrid 
particles. 
Figure 4-3-2-1 shows the TG and DTA curves of the as-synthesized film T/S(10)f.  
The curve profiles were identical to that of the titania/PDMS hybrid particles as shown 
in Figure 4-3-1-1.  Weight losses due to the desorption of remaining solvents and the 
thermal decomposition of the silicone were observed below 700°C in the TG curve and 
a broad exothermic peak started from 200°C and centered at 400°C, which was mainly 
attributed to the combustion of methyl and methylene groups of the silicone, was 
observed in the DTA curve.  Another exothermic peak was seen at around 640°C and 
no other specific reaction was observed at higher temperature range in the DTA curve.  
XRD measurements were performed for the sample after the heat treatment at 500°C, 
700°C and 1000°C (data were not shown).  There was no recognizable diffraction peak 
in XRD patterns for 500°C and 700°C.  On the other hand, diffraction peaks due to 
anatase were seen for the sample after the heat treatment at 1000°C.  These results 
suggested that titania domains transformed to anatase above 700°C.  Though the origin 
of the exothermic peak at around 640°C in the DTA curve was ascribed to the phase 
transformation of amorphous titania domains to anatase for the hybrid particles as 
described in the previous section, the reason for such inconsistency between the films 
and the particles is not clear at this stage.  In this section, the thermal treatment was 
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conducted at 400°C, and the duration was varied to control the compositions and 
microstructures for T/S(10)f as well as the hybrid particles. 
 
 
 
 
 
Figure 4-3-2-1. TG and DTA curves of the titania/PDMS hybrid film 
T/S(10)f.
 
The films after the heat treatment at 400°C for 1 hour to 24 hours were 
transparent.  The shapes were kept after the heat treatment.  The films lost their 
flexibility and became more brittle as the heat treatment time became longer.  Figure 
4-3-2-2(b) shows a SEM image of the T/S(10)f after the heat treatment at 400°C for 1 
hour.  There was no recognizable phase separation same as those observed for the 
as-synthesized films.  Comparing with the as-synthesized film (Figure 4-3-2-2(a)), the 
cross section area of the calcined film was smoother than the as-synthesized one, in 
other words, the calcined film had glassy looking.  Meanwhile, no obvious peak was 
139 
found in the XRD patterns of the calcined films, indicating that these films were also 
X-ray amorphous.  Very similar results were obtained for the films heated for longer 
period. 
 
 
 
 
 
 
Figure 4-3-2-2. SEM images of the cross section of the titania/PDMS hybrid film 
before and after the heat treatment: (a) as-synthesized film, (b) 
400ºC, 1 h. 
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The nitrogen adsorption-desorption isotherms of the films before and after the 
heat treatment were recorded to evaluate the porosity.  The surface areas were 
calculated using the BET equation and the results are presented in Table 4-3-2-1.  The 
isotherms of the as-synthesized films were Type III according to the BDDT 
classification and their BET surface areas were virtually zero, indicating the 
as-synthesized films were nonporous.  On the other hand, the BET surface areas of the 
films markedly increased after the heat treatment at 400°C for 1 hour.  The nitrogen 
adsorption isotherms for the films after the heat treatment were Type I, showing the 
micropores were generated by the heat treatment.  It was attempted to determine the 
pore sizes by the BJH method, however, there was no peak in the pore size distribution.  
At present, it was assumed that the pore with the size of less than 2 nm formed in the 
heated films. 
 
Table 4-3-2-1. BET specific surface area and carbon content of the 
titania/ PDMS hybrid films treated at 400ºC for 1 hour. 
 BET specific surface area (m2/g) Carbon content (%) 
T/S(10)f 276  8.5 
T/S(5)f 325 10.9 
T/S(2.5)f 323 10.8 
 
 
The BET surface areas of the films after the heat treatment for 1 hour were 276, 
325 and 323 m2/g for T/S(10)f, T/S(5)f and T/S(2.5)f, respectively, as depicted in Table 
4-3-2-1.  T/S(2.5)f and T/S(5)f, which had higher ratio of the silicone phase relative to 
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T/S(10)f, had higher BET surface areas than T/S(10)f after the heat treatment.  
However, when the BET surface areas were converted to the area per the weight of 
silicone in the films, the areas were 517, 467 and 394 m2/g-silicone for T/S(10)f, 
T/S(5)f and T/S(2.5)f, respectively.  These micropores were thought to be generated by 
the decomposition of the organic groups of the silicone phase. 
The BET surface areas for T/S(10)f when the duration time varied are shown in 
Table 4-3-2-2.  For the sample after the heat treatment for 7 hours, the BET surface 
area was over 300 m2/g.  The BET surface area decreased to 226 m2/g after the heat 
treatment for 24 hours.  The carbon contents of the films determined by the elemental 
analysis are also summarized in Table 4-3-2-2.  The carbon content decreased 
gradually with the prolonged heat treatment, indicating that the organic groups 
decomposed gradually.  Taking the nitrogen adsorption-desorption isotherms into 
consideration, it is postulated that the decomposition of the organic groups of the 
silicone phase occurs along with the generation of the micropores as well as the hybrid 
particles.  Further heat treatment led the collapse of the generated micropores due to 
the densification. 
 
Table 4-3-2-2. BET specific surface area and carbon content of the 
T/S(10)f treated at 400ºC. 
Treatment time BET specific surface area (m2/g) Carbon content (%) 
 1 h 276 8.5 
 5 h 265 4.8 
 7 h 302 4.4 
24 h 226 2.8 
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The variation of IR spectra of the films with the heat treatment at 400°C 
supported the above-mentioned discussion on the decomposition of the organic groups 
of the silicone phase.  Figure 4-3-2-3 shows the IR spectra of T/S(10)f before and after 
the heat treatment at 400°C.  The bands due to Si-CH3, 1401 cm-1 (asymmetric 
bending vibration), 1261 cm-1 (symmetric bending vibration) and 801 cm-1 (Si-CH3 
stretching and CH3 rocking vibration mode), decreased sequentially by the heat 
treatment at 400°C for different durations.  Furthermore, the contribution of the 
absorption bands at 2965 and 2906 cm-1 due to CH3 and CH2 asymmetric stretching 
vibrations also decreased by the heat treatment. 
The bands related to the framework of the silicone phase changed by the heat 
treatment.  The bands around 1026 and 1099 cm-1 due to Si-O asymmetric stretching 
vibration in the spectrum of the as-synthesized film appeared to be a single broad 
absorption band at 1030-1040 cm-1 with a shoulder at a higher wave number region 
after the heat treatment.  A weak band appeared at around 440 cm-1 after the heat 
treatment and the band was attributed to the rocking motions of the oxygen atoms 
perpendicular to the Si-O-Si plane (Dirè et al., 1998, Whang et al., 2000).  These 
changes in the IR spectrum of the film, which are similar to that of the particulate form, 
demonstrate that the silicone phase transformed to silica by the decomposition of the 
organic groups of the silicone.  Additionally, a new band appeared at 910-930 cm-1 
after the heat treatment.  For silica-titania composites, absorption bands around this 
wavenumber region have been ascribed to Si-O- superimposed on Si-O-Ti (Miller et al., 
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1995).  It was speculated that the amount of Si-O-Ti bond at the interface of the titania 
domains and the silicone phase increased, and the absorption band which was masked 
for the spectrum of the as-synthesized condition became recognizable by the heat 
treatment at 400°C. 
 
 
 
 
 
Figure 4-3-2-3. IR spectra of the titania/PDMS hybrid film T/S(10)f 
before and after the heat treatment at 400ºC: (a) 
as-synthesized film, (b) 1 h, (c) 5 h, (d) 7 h, (e) 24 h. 
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Figure 4-3-2-4 shows the UV-Vis. spectra of T/S(10)f before and after the heat 
treatment.  The absorption edges were 341 nm for the as-synthesized film and 343, 344, 
344 and 344 nm for the films after the heat treatment for 1 hour, 5 hours, 7 hours and 24 
hours, respectively.  Such small spectral shift is difficult to attribute to the change in 
the particle size.  It was supposed that the spectral shift reflected the change in the 
restructure at the titania-silicone interface, however, there is no direct evidence at 
present. 
 
 
 
 
 
 
Figure 4-3-2-4. UV-Vis. spectra of the titania/PDMS hybrid film 
T/S(10)f before and after the heat treatment at 400ºC: 
(a) as-synthesized film, (b) 1 h, (c) 5 h, (d) 7 h, (e) 24 h. 
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Thus, transparent microporous films containing titania were obtained by the 
thermal decomposition of the organic groups of the titania/PDMS hybrid films.  It is 
worth noting as a merit of the present synthesis that the amount of titania vary 
depending on the amount of TIP in the precursor solutions and that the amount of titania 
was about half of the film by weight for T/S(10)f.  Silicones with other organic 
functionalities are available and it may be possible to affect the pore size corresponding 
to the size of the substituents (Larsen et al., 2001).  Such kind of films may find 
applications as UV absorber, photocatalyst, adsorbent and gas separation membrane.  
Further studies on the synthesis of hybrids with different silicones and compositions and 
the properties of them are further worth conducting. 
 
 
4-4. CONCLUSIONS 
 
(1) Microporous composite material incorporating titania nano-particles with a BET 
surface area of approximately 360 m2/g was synthesized from the titania/PDMS hybrid 
particles by the heat treatment at 400°C in air.  Heat treatment caused thermal 
decomposition of organic groups of the silicone, resulted in the generation of 
micropores and the transformation of the silicone to silica, while the morphology of the 
particles was retained.  The titania/PDMS hybrid films were also converted into 
146 
Chapter 4 
transparent microporous films with a BET surface area of approximately 300 m2/g by 
the heat treatment at 400°C in air. 
(2) Phase transformation of the amorphous titania domains in the titania/PDMS 
hybrid particles occurred at the near-surface area of a particle by the heat treatment at 
500°C for 2 hours, whereas the spherical morphology of the particles retained.  
Thermal decomposition of the organic groups of the silicone resulted in silicone-silica 
transformation by the heat treatment at 500°C, and this transformation was completed 
above 700°C.  These silica domains were amorphous.  By the heat treatment at 900°C 
for 2 hours, the titania domains transformed to anatase crystallite with a diameter of 
approximately 6 nm.  On the other hand, the silica domains were still amorphous.  
There was no significant difference in the domain size of titania and silicone/silica 
before and after the heat treatment at 900°C.  Micropores, which were generated by the 
thermal decomposition of the silicone by the heat treatment at 400°C, were collapsed.  
Upon further heat treatment at 1200°C for 2 hours, the change in the morphology of the 
particles due to the growing of the titania crystallites was observed, and the partial 
anatase-to-rutile phase transformation was confirmed. 
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CHAPTER 5 
 
Preparation of hematite core/silicone shell particles by 
the silicone coating on the ellipsoidal hematite 
5-1. INTRODUCTION 
 
In the previous chapters, hybridizations of titania and poly(dimethylsiloxane) 
(PDMS) in which the titania domains were homogeneously dispersed in the PDMS in 
nanometer scale were described.  In this chapter, another hybridization structure of 
metal oxide particles and silicone — synthesis of a core-shell structure was investigated 
(Scheme 5-1-1). 
 
 
 
 Ellipsoidal Hematite 
Silicone
 Scheme 5-1-1. Cross sectional illustration of the ellipsoidal 
hematite-silicone core shell particle. 
 
 
Iron oxide particles including hematite possess various functions for the uses as 
pigments, magnetic and catalytic materials so that the surface modification of iron oxide 
particles has attracted attention partly for their practical applications.  From the 
viewpoints of materials application, the particle morphology is another key issue so that 
the morphosyntheses of iron oxide particles have extensively been reported toward 
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controlled particle shape and size as well as narrow particle size distribution (Sugimoto 
et al., 1998, Rockenberger et al., 1999, Rajamathi et al., 2002).  As for hematite, 
monodispersed particles with various morphologies such as pseudocubic, spindle, 
peanut-type, ellipsoidal and so on, from sub-micrometer to micrometer order, have 
successfully been synthesized (Sugimoto et al., 1993, Ozaki et al., 1984, Kandori et al., 
1995).  Taking advantage of the successes of the morphosyntheses, monodispersed 
hematite particles were chosen to be coated with silicone.  Coating with silicones not 
only makes the particle surface organophilic, but also allows the introduction of various 
functional groups including reactive ones onto the surface.  Although the coating of 
iron oxide particles with silicones has previously been reported (Soares et al., 2001), 
there is still a requirement to silicone coated iron oxide particles due to their practical 
applicabilities, variation of the silicone compounds and so on.  Materials both core 
(iron oxide species) and shell (silicones with different molecular structure) should be 
varied in addition to the controlled size and thickness of core and shell, respectively, for 
the optimum performances. 
In this chapter, coating of the monodispersed ellipsoidal hematite particles with 
silicone was investigated.  The silicone coating was conducted in a suspension using 
silane-coupling agents, methyltriethoxysilane (MTES) and phenyltriethoxysilane 
(PTES), as the silicone sources.  The effects of the kinds and concentrations of 
silane-coupling agents and the presence of surfactants on the coating reactions were 
examined. 
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5-2. EXPERIMENTAL 
 
5-2-1. Materials 
Reagent grade iron (III) chloride hexahydrate (FeCl3·6H2O), sodium hydroxide 
(NaOH), sodium nitrate (NaNO3), anhydrous sodium sulfate (Na2SO4), sodium chloride 
(NaCl), hydrochloric acid aqueous solution (37%) (HCl), lauric acid, ammonia aqueous 
solution (28%), methanol, ethanol and 2-propanol were purchased from Kanto 
Chemical Co., Inc. (Tokyo, Japan).  Methyltriethoxysilane (> 98.0%) (MTES), 
phenyltriethoxysilane (> 99.0%) (PTES) and n-hexadecyltrimethylammonium chloride 
(> 98.0%) (C16TAC) were purchased from Tokyo Kasei Kogyo Co., Ltd. (Tokyo, 
Japan).  These chemicals were used without further purification. 
 
5-2-2. Synthesis of ellipsoidal hematite particles 
Ellipsoidal hematite particles were synthesized according to the method reported 
by Sugimoto et al. (1993).  An aliquot (250 ml) of 5.4 mol/l NaOH solution was added 
to 2.0 mol/l FeCl3 solution (250 ml) in a polypropylene bottle for 10 min under vigorous 
stirring at 40ºC, followed by additional agitation for 2 min and aging at 100ºC for 6 
hours to obtain β-FeOOH suspension.  The β-FeOOH particles were collected by 
centrifugation (4000 rpm, 30 min) and subsequently washed three times with 0.5 mol/l 
NaNO3 aqueous solutions, and re-dispersed in 500 ml of distilled water.  20 ml of this 
suspension was mixed with Na2SO4, NaCl and HCl, and then distilled water was added 
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to a total volume of 40 ml.  The molar ratio of FeOOH, Na2SO4, NaCl and HCl was 
46:3:10:10, where the amount of FeOOH was estimated from the mass of residue 
(Fe2O3) of the re-dispersed suspension after ignition.  Then the hydrothermal treatment 
at 140ºC for 72 hours was conducted with the suspension using a Teflon lined closed 
vessel.  The red-brown product was collected by centrifugation (4000 rpm, 10 min), 
washed with distilled water, and subsequently freeze-dried.  In order to remove the 
sulfate ion the obtained hematite particles were suspended in 1.0 mol/l ammonia 
aqueous solution and stirred for 1 hour, then centrifuged (4000 rpm, 10 min) and 
vacuum-dried. 
The product was brownish-red powder.  The SEM image of the product (Figure 
5-2-1) demonstrated that all particles were ellipsoidal and there was no recognizable 
byproduct.  The average particle size was 3.3 µm in major axis and 1.6 µm in minor 
axis, the aspect ratio was 2.1, and the standard deviation was 0.25, which were 
calculated from 295 particles in the SEM image.  Figure 5-2-2(a) shows the 
longitudinal particle size distribution of the observed particles.  In the X-ray diffraction 
pattern all the diffraction peaks were ascribable to hematite (data not shown).  From 
these results, the successful formation of monodispersed ellipsoidal hematite particles 
with the size of 3.3 µm in major axis and 1.6 µm in minor axis was confirmed. 
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  Figure 5-2-1. SEM image of the ellipsoidal hematite particles. 
 
 
 
 
 
Figure 5-2-2. Particle size distributions in longer axis of (a) the 
ellipsoidal hematite particles (b) PTES/Hem(sonication) 
and (c) PTES/Hem(sonication×2). 
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5-2-3. Coating of the hematite particles with silicone 
Reaction with PTES in the presence of C16TAC 
A total of 53 mg of C16TAC, 4.41 g of deionized water, 25 ml of methanol and 
4.0 ml of aqueous ammonia solution were added sequentially to 32 mg of the hematite 
particles, followed by stirring for 20 min.  To this suspension was added PTES (the 
amount is shown in Table 5-2-1), followed by stirring for 17 hours at room temperature.  
The particles were collected by centrifugation (4000 rpm, 10 min), washed with ethanol, 
and subsequently vacuum-dried.  For a control experiment, the same procedure was 
conducted without C16TAC.  The samples were designated based on the compositions 
and conditions and the names are summarized in Table 5-2-1. 
 
 
Table 5-2-1. Synthesis conditions of silicone-coated hematite particles  (unit: mmol) 
Sample Hematite PTES/MTES C16TAC H2O NH3 Methanol 
PTES/Hem(Si/Fe=0.10) 0.20 0.041 (PTES) 0.165 245 59 620 
PTES/Hem(Si/Fe=0.21) 0.20 0.082 (PTES) 0.165 245 59 620 
PTES/Hem(Si/Fe=0.53) 0.20 0.21 (PTES) 0.165 245 59 620 
PTES/Hem(Si/Fe=0.63) 0.20 0.25 (PTES) 0.165 245 59 620 
PTES/Hem(Si/Fe=0.73) 0.20 0.29 (PTES) 0.165 245 59 620 
PTES/Hem(Si/Fe=0.83) 0.20 0.33 (PTES) 0.165 245 59 620 
PTES/Hem(Si/Fe=0.93) 0.20 0.37 (PTES) 0.165 245 59 620 
PTES/Hem(Si/Fe=1.03) 0.20 0.41 (PTES) 0.165 245 59 620 
MTES/Hem(Si/Fe=1.03) 0.20 0.41 (MTES) 0.165 245 59 620 
MTES/Hem(Si/Fe=0.25) 0.20 0.10 (MTES) 0.20 685 82 1700 
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A coating reaction under sonication was also conducted for the system of 
PTES/Hem(Si/Fe=1.03).  Followed by the addition of PTES and the agitation for 20 
min, the suspension was sonicated for 6 hours at 35ºC.  After the reaction, the particles 
(designated as PTES/Hem(sonication)) were collected by centrifugation, washed with 
ethanol, and vacuum dried.  The particles were subsequently treated with PTES by the 
same procedure.  Here, the amount of particles for the second treatment was 116% of 
that for the first treatment since the product of the first reaction increased ca. 16% by 
weight. 
As a control, silicone particles were synthesized from PTES.  1.0 ml of PTES 
was added to the mixture of 4.41 g of deionized water, 2.0 ml of aqueous ammonia 
solution and 25 ml of methanol, followed by stirring for 18 hours at room temperature.  
The particles were collected by centrifugation (4000 rpm, 10min), washed with ethanol, 
and subsequently vacuum-dried. 
 
Reaction with PTES after the treatment with lauric acid 
A total of 2.8 g of lauric acid and 80 ml of deionized water were mixed with 600 
mg of the hematite particles, followed by stirring for 12 hours at 60ºC.  The particles 
were collected by centrifugation (4000 rpm, 15 min), washed five times with deionized 
water, vacuum-dried, and accordingly, the lauric acid treated hematite particles were 
obtained. 
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The lauric acid treated particles were reacted with PTES under the acidic and the 
basic conditions.  To the solution of 0.10 ml of deionized water, 2.0 ml of ethanol and 
50 µl of 0.10 mol/l hydrochloric acid were added 16 mg of the lauric acid treated 
hematite particles (pH of the suspension was 2.1).  0.12 ml of PTES was added to this 
suspension, followed by stirring for 41 hours.  The product was collected by 
centrifugation (4000 rpm, 10 min), washed with ethanol, and subsequently 
vacuum-dried.  For the synthesis under a basic condition, 0.3 ml of ammonia aqueous 
solution was added instead of hydrochloric acid to pH = 12, followed by the same 
procedure. 
 
Reaction with MTES in the presence of C16TAC 
MTES was allowed to react with the hematite particles in the presence of 
C16TAC under the same condition of PTES/Hem(Si/Fe=1.03).  The synthesis was also 
conducted under the lower MTES concentration condition (Si/Fe=0.25).  The products 
were designated as MTES/Hem(Si/Fe=1.03) and MTES/Hem(Si/Fe=0.25). 
 
5-2-4. Properties of the hematite/silicone core-shell particles 
Dispersibility 
As-synthesized hematite particles and PTES/Hem(sonication) were dispersed in 
toluene by shaking, and then sedimentation was observed in time course.  The 
palatability in the media was evaluated by dispersing the as-synthesized hematite 
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particles and the core-shell particles in the same volume of toluene and deionized water 
in one vial. 
 
Dissolution of the hematite core 
A total of 20 ml of 12 mol/l hydrochloric acid aqueous solution was added to 12.0 
mg of PTES/Hem(sonication), followed by sonication for 1 min.  After 15 min, the 
particles were collected by vacuum filtration, washed with deionized water, and 
subsequently vacuum dried. 
 
5-2-5. Characterization 
Scanning electron microscopy (SEM) images were obtained with Hitachi 
S-2380N operated at 15-30 kV of acceleration voltage.  Before the observation, 
samples were coated with gold by using an ion sputter.  Transmission electron 
microscopy (TEM) images were obtained with JEOL JEM2400EXII operated at 80 kV 
of acceleration voltage.  Samples for the TEM observation were put on a copper 
micro-grid.  X-ray diffraction (XRD) patterns were obtained with Rigaku RADIIB (Cu 
Kα) operated at 40 kV and 20 mA in the 2θ = 5-70° range.  Fourier transform infrared 
(FT-IR) spectra of the particles were measured with a Shimadzu FT-IR 8000PC in the 
range of 4000-400 cm-1 using KBr disks.  Photoluminescent (PL) measurement was 
carried out with a fluorescence spectrophotometer (Hitachi F4500) using a quartz cell 
(1×1 cm) filled with the suspension. 
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5-3. RESULTS AND DISCUSSION 
 
5-3-1. Coating of the hematite particles with silicone 
Reaction with PTES in the presence of C16TAC 
 The existence of silicone on the surface of the hematite particles was 
demonstrated for the products prepared at the Si/Fe ratio of ≥ 0.63 (Figure 5-3-1(a)-(e)).  
No byproduct was observed in the SEM images.  On the contrary, there was no 
recognizable change in the surface of the particles when the Si/Fe ratios were less than 
0.53.  The amount of the silicone deposited on the hematite particles was estimated by 
the weight loss by the heat treatment at 800ºC.  The mass losses were 8.2, 9.6, 9.4, 
11.7, 12.8 and 16.0% for PTES/Hem(Si/Fe=0.53), (Si/Fe=0.63), (Si/Fe=0.73), 
(Si/Fe=0.83), (Si/Fe=0.93) and (Si/Fe=1.03), respectively.  Figure 5-3-2 shows the 
relationship between the PTES concentration and the weight loss.  There was a linear 
correlation between these values.  These results suggested that the thickness of the 
silicone shell increased with increasing the PTES concentration, which was consistent 
with the SEM images.  Assuming that 1) a hematite core with the size of 3.3 µm in 
major axis and 1.6 µm in minor axis is constructed from a cylindrical part and two half 
spheres, 2) there is no residual ethoxy group or silanol group in the silicone shell and all 
of the phenyl groups are decomposed to form silica by the heat treatment at 800°C, 3) 
the silicone shell and the hematite core are uniform and their relative densities are about 
1.3 (Shibata et al., 1999) and 5.26, respectively, 4) the weight losses for coated particles  
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Figure 5-3-1. SEM images of PTES/Hem(X). (a) X: Si/Fe=0.63 (b) Si/Fe=0.73 (c) 
Si/Fe=0.83 (d) Si/Fe=0.93 (e) Si/Fe=1.03 (f) Si/Fe=1.03 (without 
C16TAC) and (g) sonication. 
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include the mass loss for as-synthesized hematite particle (5.6%), the thickness of the 
silicone shell can be estimated from 70 nm for PTES/Hem(Si/Fe=0.53) to 280 nm for 
PTES/Hem(Si/Fe=1.03).  Soares et al. reported the formation of PDMS coating on iron 
oxide particles by heating at 250-280°C (Soares et al., 2001).   In the present 
syntheses, the thickness of silicone shell is controllable to some extent.  The mild 
reaction conditions, if compared with the reported one (Soares et al., 2001), are another 
advantages of the present core-shell particles. 
 
 
 Figure 5-3-2. Mass losses of PTES/Hem(Si/Fe=X) by the heat 
treatment at 800ºC. 
 
 
The hematite core and the silicone shell were distinctly identified by the TEM 
observation as shown in Figure 5-3-3.  The silicone shell was formed on the 
aggregated hematite particles (Figure 5-3-3(b)), which means the aggregation occurred 
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before or during the coating procedure.  Contrary to the assumption, the TEM images 
revealed that the shell was not a uniform layer but composed of the small (~ 100 nm) 
particles of silicone.  There are two possibilities of the origin of these silicone 
aggregates: 1) they were generated in the solution and then were adsorbed to the surface 
of the hematite particles, 2) they formed on the surface of the hematite particles after the 
adsorption of monomeric or oligomeric silicone precursors.  At present, it is not able to 
determine which is the major reaction occurred in the present reactions. 
 
 
  
   
 
Figure 5-3-3. TEM images of PTES/Hem(Si/Fe=1.03) 
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The formation of silicone on the hematite surface was supported by the IR spectra 
of the as-synthesized hematite particles and PTES/Hem(Si/Fe=1.03) (Figure 5-3-4(a) 
and (b), respectively).  For the IR spectrum of PTES/Hem(Si/Fe=1.03), the absorption 
bands due to siloxane with phenyl groups were seen at 1132 cm-1 (Si-C6H5 stretching), 
1028 cm-1 (Si-O stretching), 735 and 697 cm-1 (aromatic CH vending). 
 
 
 
 Figure 5-3-4. IR spectra of (a) as-synthesized hematite particles (b) 
PTES/Hem(Si/Fe=1.03) (c) PTES/Hem(Si/Fe=1.03) 
synthesized without C16TAC and (d) the silicone 
shells obtained by treating PTES/Hem(sonication) 
with 12 mol/l HCl solution. 
 
 
 
167 
In order to show the possible role of C16TAC on the reaction, the reaction was 
conducted in the absence of C16TAC.  The absorption bands due to phenyl groups at 
1132 and 697 cm-1 were also observed for the sample prepared in the absence of 
C16TAC (Figure 5-3-4(c)).  The surface of the particles became less smooth after the 
reaction and no byproduct was observed in the SEM image (Figure 5-3-1(f)).  In 
addition, the heat treatment of the product at 800ºC resulted in the mass loss of 9.6%.  
These results suggested that the hematite particles were coated with silicone even in the 
absence of C16TAC.  However, the amount of the coated silicone was smaller than 
that of the particles obtained in the presence of C16TAC (the mass loss for 
PTES/Hem(Si/Fe=1.03) was 16.0%).  It was speculated that the adsorption of 
C16TAC onto the surface of the hematite particles, which had negative charge under the 
basic condition (Cornell et al., 2003), resulted in the increase in the hydrophobicity of 
the surface of the particles and, accordingly, PTES (or partially hydrolyzed and 
condensed PTES) was adsorbed to the surface of the particles efficiently by the 
hydrophobic interactions between the phenyl group of PTES and the alkyl chain of 
C16TAC to form the silicone shell. 
The SEM image of PTES/Hem(sonication) was shown in Figure 5-3-1(g), 
demonstrating that the particle aggregation was suppressed if compared with that of the 
PTES/Hem(Si/Fe=1.03) (Figure 5-3-1(e)) prepared under magnetic stirring.  The 
weight loss by the heat treatment at 800ºC was about 16%, which was similar to that 
observed for the PTES/Hem(Si/Fe=1.03).  TEM image of PTES/Hem(sonication) 
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(Figure 5-3-5) revealed that the silicone shell was formed as aggregates of small (~ 100 
nm) particles of silicone to give a core-shell structure which was very similar to that of 
PTES/Hem(Si/Fe=1.03).  From the TEM images, the thickness of the shell was about 
200 nm, which is in reasonable agreement with the above-mentioned speculation based 
on the composition. 
 
 
 
  
  
 
Figure 5-3-5. TEM images of PTES/Hem(sonication). 
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The coating procedure under sonication was repeated for two times.  The 
average particle size of the product in major axis increased from 3.75 to 3.87 µm after 
the second treatment (Figure 5-2-2(b), (c)).  The increase in the second treatment was 
smaller if compared with the increase in the particle size observed for the first treatment 
(from 3.33 to 3.75 µm), due to the difference in the interactions between the particle 
surfaces and the reactants.  It is acceptable based on the above-mentioned results that 
the particles were coated with silicone so that the C16TAC was difficult to be adsorbed 
on the surface.  Other reaction parameters such as the concentration, temperature, pH 
of the reaction mixture may be possible variables in order to control the thickness of the 
shell further. 
Figure 5-3-6A and 5-3-6B show the UV excitation and emission spectra of the 
PTES/Hem(sonication) and the silicone particles suspensions.  An excitation and an 
emission peaks were observed at 268 nm and 325 nm, respectively, for both the 
core-shell particles and the silicone particles.  These results demonstrated that the 
quenching by the hematite core did not occur.  Hamanishi et al. reported that 
absorption bands around 260 nm, which was close to the excitation maximum, and an 
excimer emission at 324-330 nm were observed in the absorption and emission spectra 
of phenyldisiloxanes with two, four and six phenyl groups in a molecule (Hamanishi et 
al., 1993).  Since the spectra of PTES/Hem(sonication) are consistent with those of the 
phenyldisiloxanes, the distance between the adjacent phenyl groups in the silicone shell 
is very short to be able to form the excited dimer upon irradiation. 
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Figure 5-3-6. PL spectra of (a) PTES/Hem(sonication) and (b) the pure silicone 
particles. (A: excitation, B: luminescence)  
 
 
Reaction with PTES after the treatment with lauric acid 
Lauric acid was used in place of C16TAC in order to support the reaction 
mechanism discussed above.  The reaction mixture became acidic (pH = 2.1) and the 
color of the particles changed from brownish-red to orange after the reaction.  The 
morphology of the particles changed as shown in Figure 5-3-7(a), which probably due 
to the dissolution.  The formation of silicone shell on the particle surface was not 
found by the SEM observation.  The weight of the powder decreased by about 25% 
after the reaction.  Even when the reaction was conducted under a basic condition (pH 
= 12), core-shell structure did not form as shown in the SEM image (Figure 5-3-7(b)).  
The hematite particles seemed to be embedded in the polycondensation product of 
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PTES.  The surface charge of hematite particles is dependent on pH so that cationic 
species such as C16TAC is appropriate to modify the surface under the basic condition 
where PTES polycondensates. 
 
 
 
   
  
 
Figure 5-3-7. SEM images of (a) PTES/Lauric acid/Hem(HCl), (b) PTES/Lauric 
acid/Hem(NH3aq), (c) MTES/Hem(Si/Fe=1.03).  
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Reaction with MTES in the presence of C16TAC 
The SEM image of MTES/Hem(Si/Fe=1.03) (Figure 5-3-7(c)) revealed that the 
core-shell structure was not obtained and byproducts which thought to be 
polycondensation products of MTES were generated.  For MTES/Hem(Si/Fe=0.25), 
any byproduct was not observed in the SEM image, however, the silicone shell was not 
observed on the surface of hematite particles.  In addition, there was no recognizable 
exothermic peak due to the decomposition of the methyl groups in the DTA curve (data 
not shown). 
From these results, it was concluded that the silicone shell was not formed on the 
hematite surface when MTES was used as the silicone source instead of PTES.  This 
difference in the obtained products between MTES and PTES may arise from the 
difference in the solubility of them to methanol, and/or the hydrophobic interaction with 
the alkyl groups of C16TAC.  The solubility of MTES to methanol is higher than that 
of PTES and the hydrophobic interactions of MTES with the alkyl groups of C16TAC 
are weaker than those of PTES, because the methyl groups of MTES are less 
hydrophobic compared to the phenyl groups.  As a consequence, MTES was not 
adsorbed to the surface of the hematite particles modified by C16TAC.  To synthesize 
hematite/silicone core-shell particles by using silicon alkoxides, hydrophobicity of the 
organic groups of the silicon alkoxide and the hydrophobic interactions between the 
surface of the hematite particles and the reaction media are important factors.  The 
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effects of the silicone coating will be discussed in the following section using the 
product obtained by the reaction with PTES. 
 
 
5-3-2. Properties of the hematite/silicone core-shell particles 
Dispersibility 
The dispersibility of the as-synthesized hematite particles in toluene was very low, 
so that the particles sedimented just after stopping the shaking (Figure 5-3-8).  On the 
other hand, it took ten minutes for the core-shell particles to sediment completely, 
suggesting the improvement of the dispersibility in toluene.  The improvement of the 
dispersibility may be attributed to the affinity of the silicone shell of the particles with 
toluene. 
 
   
 Figure 5-3-8. Dispersibility in toluene (left: as-synthesized hematite, right: 
PTES/Hem(Si/Fe=1.03)). (a) just after the shaking, (b) after 1 min, 
(c) after 5 min. 
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When PTES/Hem(sonication) and the as-synthesized hematite particles were 
added to a mixture of water and toluene (phase separated), PTES/Hem(sonication) 
dispersed only in the toluene layer, the uncoated hematite particles, on the other hand, 
distributed both within the toluene and water layers, which suggested the core-shell 
particles had strong hydrophobicity due to the silicone shell. 
 
Dissolution of the hematite core 
The particles floated on the solution just after the PTES/Hem(sonication) was 
added to hydrochloric acid aqueous solution.  Immediately the particles dispersed in 
the solution.  After the sonication for 1 min, brownish-red color of the particles 
changed to white, while the solution color changed from colorless to yellow during 
standing for 15 min at ambient temperature.  In the SEM image of the solid product 
(Figure 5-3-9), hollow particles with the shape very similar to the original hematite 
particles were seen.  Figure 5-3-4(d) shows the IR spectrum of the product.  All 
absorption bands in the spectrum were ascribable to the silicone with phenyl groups, 
except for the unknown absorption band at 500 cm-1, and the absorption bands due to 
hematite were not detected.  Thus, it was shown that the acid treatment of the 
core-shell particles resulted in the dissolution of the hematite and the generation of the 
hollow particles comprised of silicone. 
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Figure 5-3-9. SEM image of the silicone shells obtained by treating 
PTES/Hem(sonication) with 12 mol/l HCl solution.  
 
Monodispersed ellipsoidal hematite particles were successfully coated with 
silicone by the reaction with PTES under basic conditions in the presence of C16TAC, 
where the thickness of the silicone shell was controlled by changing the concentration 
of PTES.  C16TAC was thought to make the surface of the hematite particles 
hydrophobic, which caused the interactions between the alkyl groups of C16TAC and 
the phenyl groups of PTES more effective.  Sonication during the coating procedure 
led well-dispersed particles in the reaction mixture.  The silicone coated hematite 
particles obtained in the present study may be useful as industrial materials such as a 
pigment doped or mixed with various matrices, and its controlled morphology is 
potentially valuable for optical materials.  Furthermore, the present reaction procedure 
is also useful to coat other oxide particles because of the ease of operation and mild 
reaction conditions. 
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5-4. CONCLUSIONS 
 
Monodispersed ellipsoidal hematite particles with the size of 3.3 µm in major axis 
and 1.6 µm in minor axis were successfully coated with silicone by using a 
silane-coupling agent, phenyltriethoxysilane.  In the presence of 
n-hexadecyltrimethylammonium chloride, the thickness of the silicone shell was 
controlled by changing the concentration of phenyltriethoxysilane.  On the other hand, 
silicone shell did not form on the hematite particles when methyltriethoxysilane was 
used as the silicone source under the experimental conditions employed in the present 
study.  The hematite/silicone core-shell particles had strong hydrophobicity due to the 
silicone shell, and had good dispersibility and stability in toluene.  Furthermore, 
hollow silicone shells were obtained by treating the hematite/silicone core-shell 
particles with hydrochloric acid. 
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CHAPTER 6 
 
Synthesis of zinc oxide fine particles coated with 
titania/poly(dimethylsiloxane) hybrid 
6-1. INTRODUCTION 
 
In this chapter, a new hierarchical hybrid material with the core-shell structure 
was investigated, which consisted of a ZnO nanoparticle as the core and the 
titania/PDMS hybrid, which was described in CHAPTER 2 and 3, as the shell (Scheme 
6-1-1). 
 
 
 
 
Scheme 6-1-1. Schematic illustrations of a ZnO particle coated with 
titania/PDMS hybrid. 
 
ZnO possesses various functions for such uses as pigments, piezoelectric devices, 
luminescent devices, gas sensors, catalyst, and cosmetic materials.  In particular, ZnO 
nanoparticles have been commonly used in sunscreen products as an excellent UV-filter 
due to its transparency in visible light wavelength region and the strong absorption in 
UV light – especially in UV-A wavelength (320-400 nm) region (Iwasaki et al., 2000, 
Türkoğlu et al., 1997, Mitchnick et al., 1999).  In such applications, coating of ZnO 
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nanoparticles has been performed mainly to prevent particle aggregation as well as to 
suppress the catalytic activity (Mitchnick et al., 1999, Grasset et al., 2003, Fangli et al., 
2003).  It is expected that coating by the titania/silicone hybrid gives ZnO 
nanoparticles the additional UV filtering ability due to the strong absorption in UV-B 
(290-320 nm) region by the titania, as well as the affinity and the dispersibility in 
organic media thereby the silicone part.  On the other side, the synthesis of the 
titania/PDMS hybrid as the shell for the core particle is worthwhile from the viewpoint 
of the macroscopic morphological control of the titania/PDMS hybrid. 
Coating of ZnO nanoparticles with the titania/PDMS hybrid was conducted in a 
suspension by using the titania/PDMS hybrid sols, which was described in CHAPTER 2.  
The hydrophilicity/hydrophobicity and the dispersibility were evaluated in terms of the 
composition of the hybrid shell. 
 
 
6-2. EXPERIMENTAL 
 
6-2-1. Materials 
Ultra-fine grade ZnO with average particle size of 10 to 30 nm was purchased 
from Sumitomo Osaka Cement Co., Ltd.  Titanium tetraisopropoxide (TIP) (Wako 1st 
grade 95 wt%+) was purchased from Wako Pure Chemical Ind., Ltd.  2-Propanol 
(analytical grade), aqueous ammonia solution (28.0% NH3) and hydrochloric acid 
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aqueous solution (35wt%) were purchased from Kanto Chemical Co., Inc. (Tokyo, 
Japan).  Methoxy-functionalized PDMS with a number-average molecular weight of 
1080 (methoxy-PDMS, Scheme 2-2-1) was supplied by Shin-Etsu Chemical Co., Ltd. 
(Tokyo, Japan).  These chemicals were used without further purification. 
 
6-2-2. Synthesis 
The synthesis of transparent titania sol was based on the method reported by 
Wang et al. (1991) as described in CHAPTER 2.  Deionized water and hydrochloric 
acid aqueous solution diluted with 2-propanol were slowly added to TIP at room 
temperature.  The molar ratio of TIP, water, and hydrochloric acid was 1:1:0.02, and 
the amount of 2-propanol was 400 ml for 1 mol of TIP.  The sols containing titanium 
dioxide and oligomeric PDMS were prepared by mixing the titania sols with 21.0 g of 
methoxy- PDMS diluted with 20 ml of 2-propanol.  The molar ratios of TIP and 
methoxy- PDMS were 10:1 and 5:1 and the products were designated as T/S(10) sol and 
T/S(5) sol, respectively.  The coating process is as follows.  9.5 g of ZnO particles 
was dispersed in 2.5g of T/S(10) sol diluted with 47.5 g of 2-propanol by a homogenizer 
(T. K. Auto Homo Mixer, Tokushu Kika Kogyo Co., Ltd.).  Then, 2.0 g of aqueous 
ammonia solution diluted with 98 g of 2-propanol was added to the dispersion under 
vigorous stirring at room temperature.  After the mixture was allowed to react for 
several minutes, ZnO particles were collected by centrifugation (3500 rpm, 20 min) and 
subsequently washed with 2-propanol and dried at 80°C.  For the coating by T/S(5) sol, 
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9.77 g of ZnO particles and 2.0 g of T/S(5) sol diluted with 48 g of 2-propanol were 
used. 
 
6-2-3. Characterization 
X-ray diffraction (XRD) patterns were obtained with Rigaku Multiflex (Cu Kα) 
operated at 40 kV and 30 mA in the 2θ = 5-60° range.  Fourier transform infrared 
(FT-IR) spectra of the particles were measured with a JASCO FT/IR 660 Plus in the 
range of 4000-400 cm-1 using KBr disks.  Scanning electron microscopy (SEM) 
images were obtained with JEOL JSM-6700F operated at 10 kV of acceleration voltage.  
Before the observation, samples were coated with platinum by using an ion sputter.  
The energy-dispersive X-ray spectra (EDS) of these samples were measured by the EDS 
microanalysis system (EX-23000BU, JEOL) connected to the SEM apparatus.  
Transmission electron microscopy (TEM) images were obtained with JEOL 
JEM2400EXII operated at 80 kV of acceleration voltage.  The sample for the TEM 
observation was put on a copper micro-grid.  The zeta potential of the particles before 
and after the reaction was measured to evaluate the surface charge by using an 
electrophoretic light scattering spectrophotometer (ELS-8000, Otsuka Electronics Co., 
Ltd.) at 25°C, which was calculated from electrokinetic mobility using Smoluchowski 
equation.  For the measurements, the coated and uncoated ZnO particles were 
dispersed in distilled water (pH = 6.0) by sonication for 10 min.  The single point N2 
BET surface areas of the particles before and after the coating reaction were obtained at 
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77 K using Macsorb Model-1201 (Mountech Co., Ltd.).  Before the measurements, 
samples were dried in a mixed gas (nitrogen 30% + helium 70%) at 120°C for 30 min. 
The hydrophilicity/hydrophobicity of the coated particles was evaluated by the 
method described by Kobayashi et al (Kobayashi et al., 1989).  They evaluated the 
hydrophilicity of a hydrophobic pigment (Copper phthalocyanine blue) by the 
wettability of the pigment particles with acetone and water mixed solution.  The 
solubility parameter (Hansen parameter) of the mixed solution was used as a measure of 
the hydrophilicity of the pigment.  The coated ZnO particles (0.05 g) were added to 25 
ml of deionized water to float on the water surface.  Then 2-propanol, instead of 
acetone, was dropped under continuous stirring by magnetic stirrer until the floated 
particles sedimented and/or dispersed completely. 
The hydrophilicity/hydrophobicity was also evaluated by the contact angle of the 
droplet of distilled water on the surface of the pressed powders.  The coated ZnO 
particles were pressed into an aluminum dish (2×4 cm) by a press at 100 kg/cm2 and a 
water droplet was put on the flat surface of the compressed particles, followed by 
measuring the contact angle by the goniometer type contact angle meter (ERMA Inc., 
Model G-I).
Dispersibility of the coated particles was evaluated by UV-Vis. spectra of the 
dispersions.  5.0 g of the uncoated and coated particles were mixed with 10 g of 
decamethylcyclopentasiloxane, and were then dispersed with 2.0 mmφ zirconia beads as 
media in a paint shaker (Asada Iron Works Co., Ltd.) for 2 hours.  For the 
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measurement of UV-Vis. transmittance spectra, the dispersions were cast on the quartz 
plates by a doctor blade with a gap of 6 µm.  The UV-Vis. transmittance spectra were 
measured just after the casting (to prevent an aggregation due to the evaporation of 
decamethylcyclopentasiloxane) by a spectrophotometer (Shimadzu UV-2500PC) with 
an integrating sphere assembly (Shimadzu ISR-240A).  The quartz plates were set in 
the sample holder at the entrance of the integrating sphere to detect the scattered light in 
addition to the transmitted one. 
 
 
6-3. RESULTS AND DISCUSSION 
 
6-3-1. Preparation of ZnO particles coated with titania/PDMS hybrid 
The products prepared from T/S(5) and T/S(10) sols were white powders.  There 
was no recognizable change in the XRD patterns of ZnO by the coating process (data 
not shown; all the diffraction peaks were ascribed to ZnO.).  In the IR spectra, the 
absorption bands due to silicone appear at 1261, 1089 and 1022 cm-1 (Figure 6-3-1).  
These three bands are assigned to Si-CH3 bending vibrations (1261 cm-1) and to Si-O 
stretching vibrations (1089 and 1022 cm-1) typical of PDMS units (Smith, 1960, 1963, 
1884).  Additively, an absorption band due to alkyl chain was observed around 2960 
cm-1 for the particle treated by T/S(5) sol.  This band as well as the Si-CH3 and Si-O 
related bands for the particle treated by T/S(10) sol were very weak and broad.  This 
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difference was attributed to the lower silicone content in the coating layer.  Peaks due 
to Ti, Si and Zn were detected in the EDS spectrum of the coated particles (data not 
shown).  These results demonstrated the presence of silicone and Ti on the surface of 
the coated particles. 
 
 
 
 Figure 6-3-1. IR spectra of the particles: (a) uncoated, (b) treated by 
T/S(10) sol, (c) treated by T/S(5) sol. 
 
 
Figure 6-3-2 shows the SEM images of the particles before and after the coating 
procedure.  The coated particles were large aggregates of several micrometers.  
Similar aggregates were also seen in the SEM image of the uncoated particles.  For the 
isolated particles, the surface texture changed after the coating procedure as shown in 
Figure 6-3-2(b) and (c).  The coating layer was depicted as a weak contrast 
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surrounding the aggregate of particles in the TEM image (Figure 6-3-3), which was 
consistent with the SEM image.  There was no recognizable phase separation between 
titania and PDMS within the coating layer as shows in the particles and films of 
titania/PDMS hybrids described in CHAPTER 2 and 3.  From these results, it was 
confirmed that the ZnO particles were coated by the titania/PDMS hybrid.  The 
uniformity of the coating would be affected by dispersibility of the ZnO particles in the 
sols.  Further experiments are required to find the parameter to coat the individual 
particles in a controlled manner. 
The mean zeta potential of the uncoated ZnO particles was +27.5 mV at pH = 6.0.  
This positive value is thought to be a typical one for ZnO since the zero point of charge 
of ZnO ranges from pH 9 to 10 (Bahnemann et al., 1987, Degen et al., 2000).  At pH 
6.0, hydroxyl groups on the surface should be protonated to produce positively charged 
surface.  On the other hand, those of the particles after the reaction were -12.0 mV and 
-10.4 mV for T/S(10) and T/S(5) sol, respectively.  These negative values were 
attributed to the amorphous titania and PDMS, which have negative charge in an 
aqueous solution at pH 6.0 (Barringer et al., 1985, Kirby et al., 2004), though it is still 
unclear which constituent plays a major role for this effect.  Measuring the pH 
dependency of zeta potential of the coated particles will be necessary to evaluate the 
relative contribution of titania and PDMS part on the surface.  This inversion of the 
surface charge of the particle supported the SEM and TEM results that the surface of the 
ZnO particles was covered by the products derived from T/S(10) and T/S(5) sols. 
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 Figure 6-3-2. SEM images of the ZnO particles: (a) uncoated, (b) treated by T/S(10) 
sol, (c) treated by T/S(5) sol. 
 
 
 
 Figure 6-3-3. TEM image of the ZnO particles treated by T/S(10) sol. 
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As to the nanostructure of titania/PDMS hybrid, STEM/HAADF measurement 
demonstrated that the hybrid particles have an islet-like nanostructure, which is 
composed of the nanometer-sized domains of titania and PDMS.  The self-standing 
films prepared from the same sols by the solvent evaporation were transparent in visible 
light wavelength region, and no recognizable phase separation between titania and 
PDMS was observed by the SEM observation (~ ×100,000) as described in CHAPTER 
3.  Based on these previous data, it was speculated that the coating layer of the present 
core-shell particles was made of titania/PDMS hybrid, which formed by the hydrolysis 
and the polycondensation of the sols on the surface of the particles, though there is no 
direct evidence of the domain structure at this stage. 
Assuming that 1) the coating layer on the ZnO particle is uniform in the thickness, 
2) there is no residual methoxy or isopropoxy groups in the coating layer, 3) the specific 
gravities of the coating layers are 1.9 and 1.6 for T/S(10) and T/S(5) sol, respectively, 
which are the weighted average values of the amorphous titania (3.0) and PDMS (0.98), 
4) the ZnO particles are spherical with a diameter of 20 nm, the thickness of the coating 
layer is estimated to be 0.5-0.6 nm.  On the other hand, the thickness of the coating 
layer was shown to be several nanometers by the TEM observations.  This discrepancy 
might be due to the fact that the coating layer is not dense and/or the surface area to be 
coated decreased by the aggregation of the ZnO particles.  In fact, the specific surface 
area of the particles increased slightly by the coating reaction (from 26.5 to 33.0 m2/g 
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for T/S(5) sol and 42.7 m2/g for T/S(10) sol), suggesting the possibility of porous 
structure of the coating layers. 
 
6-3-2. Properties of ZnO particles coated with titania/PDMS hybrid 
Hydrophobicity 
The hydrophilicity/hydrophobicity of the coated particles was estimated by the 
wettability with water/2-propanol mixed solution to characterize the surface of the 
coated particles.  The ZnO particles treated by T/S(5) sol were floated at the air-water 
interface due to the hydrophobic character of silicone.  The floated particles sediment 
and partially dispersed in the solution gradually by the addition of 2-propanol drop by 
drop under continuous stirring.  On the other hand, for the particles treated by T/S(10) 
sol, only a part of them floated at the air-water interface and the rest of them sedimented 
immediately.  It is assumed from the result of SEM and zeta potential measurements 
that the uniformity of the coating is at the same level for each sample, so that the 
particles treated by T/S(10) sol have more hydrophilic character relative to those treated 
by T/S(5) sol.  The average amount of 2-propanol (N = 3) at which none of the 
particles was seen on the water surface was 6.1 and 2.9 ml for T/S(5) sol and T/S(10) 
sol, respectively.  The solubility parameter of 2-propanol aqueous solution δm was 
calculated from following equation by using those of water (δWATER = 47.8 MPa1/2) and 
2-propanol (δ2-PROPANOL = 23.5 MPa1/2) (Barton, 1983) and the amount of 2-propanol (A 
ml). 
192 
Chapter 6 
 δm = (25·δWATER + A·δ2-PROPANOL)/(25 + A)  
According to this equation, the solubility parameters of water and 2-propanol mixed 
solution at the point were 43.0 and 45.2 MPa1/2 for T/S(5) sol and T/S(10) sol, 
respectively, which correspond to the degree of hydrophobicity of the particle surface. 
The hydrophilicity/hydrophobicity of the coated particles was also estimated by 
the contact angle between the pressed surface of the particles and a droplet of water.  
The contact angle of the ZnO particles treated by T/S(5) sol was about 148º, while that 
of the ones treated by T/S(10) sol was 132º.  These results revealed that the latter one 
is more hydrophilic even though the contact angle of the water droplet was affected by 
the surface texture of the pressed particles, which corresponded to the result of the 
wettability.  It is possible that the difference in the hydrophobicity of these particles is 
attributed to the amount of the silicone part exposed to the outer surface of the particles. 
 
Dispersibility 
The dispersibility of the coated particles in decamethylcyclopentasiloxane was 
investigated.  The dispersion of the particles treated by T/S(5) sol had good fluidity, 
while that of those treated by T/S(10) sol was creamy.  The same treatment for the 
uncoated ZnO particle gave a hard paste with no fluidity.  Generally, the fluidity of the 
dispersion may reflect the dispersibility of the particle in a vehicle though the fluidity is 
affected by various factors such as the content of the particle in the dispersion.  Figure 
6-3-4 shows the UV-Vis. transmittance spectra of the casting film of the dispersions.  
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In the visible light wavelength region (400-800 nm), the dispersions of the coated 
particles were more transparent than that of the uncoated ones.  On the other hand, in 
the UV wavelength region (200-400 nm), the dispersions of the coated particles 
absorbed UV light more efficiently than that of the uncoated ones.  Among the coated 
particles, the dispersion of T/S(5) sol treated particles absorbed UV light slightly greater 
than that of T/S(10) sol treated ones.  All these results demonstrated that the coating by 
the sols improved the dispersibility of ZnO in decamethylcyclopentasiloxane, which 
was caused by the affinity of the silicone part on the particle surface with the dispersion 
medium.  Assuming that the coating is uniform for both the particles treated by 
T/S(10) sol and T/S(5) sol, the silicone content of the coating, which correlate with the 
thickness of the shell, is thought to affect the dispersibility of the particles. 
 
 Figure 6-3-4. UV-Vis. transmittance spectra of the casting film of the 
disprsions: (a) uncoated, (b) treated by T/S(10) sol, (c) 
treated by T/S(5) sol. 
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Thus, it was shown that the ZnO nanoparticles were successfully coated with 
titania/PDMS hybrid in which titania and PDMS were hybridized in nanometer scale.  
It seems possible to coat oxide particles of other compositions and sizes with 
titania/PDMS hybrid shell due to the simple synthetic procedure.  Further study on the 
composition and nanostructure of the hybrid shell is worth conducting to control the 
properties of the hybrid particles more precisely. 
 
 
6-4. CONCLUSIONS 
 
ZnO nanoparticles with average size of 10-30 nm in diameter were successfully 
coated with titania/PDMS hybrid by hydrolysis and condensation of the precursor sols 
containing prehydrolyzed titanium tetraisopropoxide and methoxy-functionalized 
PDMS on the surface of the ZnO particles in suspension.  The hydrophobicity and the 
dispersibility in a silicone medium of the ZnO particles changed dramatically by the 
hybrid shell formation.  The present ZnO-titania/PDMS hybrid core-shell particle is a 
new class of hierarchically designed composite material. 
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CHAPTER 7 
 
Conclusions 
Syntheses of the metal oxide/silicone hybrid materials with two types of 
structures were investigated: one was the material where two components were 
hybridized homogeneously in nanometer scale by using the modified sol-gel method 
(Scheme 7-1(A)) and the other was the core-shell particles in which 1) metal oxide 
particles were coated with the silicone (Scheme 7-1(B)) and 2) metal oxide particles 
were coated with the hybrid shell (Scheme 7-1(C)).  By the nano-structural designs, 
practically applicable hybrid materials on cosmetics which had controlled refractive 
index, mechanical flexibility, organophilicity and good dispersibility in silicone media 
were obtained. 
 
 
 
 Silicone 
 Hematite 
Titania domain 
Silicone chain 
(B) Hematite-Silicone 
 Core-Shell Particles 
(A) Titania/PDMS Hybrids
ZnO 
Titania/PDMS Hybrid 
Titania domain
Silicone chain 
(C) ZnO nanoparticles coated
with Titania/PDMS Hybrid 
Scheme 7-1. Schematic illustrations of the metal oxide/silicone hybrids. 
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Spherical titania/poly(dimethylsiloxane) (PDMS) hybrid particles in which titania 
and PDMS are homogeneously hybridized in nanometer scale were successfully 
synthesized from titanium tetraisopropoxide (TIP) and methoxy-functionalized PDMS 
by the sol-gel method and the co-precipitation method.  This is the first study of its 
kind to synthesize the titania-based inorganic/organic hybrid by means of sol-gel 
method as the spherical particulate morphology.  The titania/PDMS hybrid particle had 
an islet-like nanostructure, which consisted of titania and PDMS domains of nanometer 
size.  As the results of mechanical and optical evaluations, the hybrid particles had 
elastic property originated from PDMS and the controllable refractive index depended 
on the composition of the starting materials.  Moreover, the hybrid particles had 
excellent dispersibility in the silicone oil.  In a cosmetic application, the hybrid 
particles had superior properties over the conventional silicone-coated titania particles.  
The inorganic/organic hybridization technique is a new approach for developing 
high-performance, multifunctional cosmetic materials and offers possibility for unique 
functional cosmetic products. 
By using the same titania/PDMS hybrid sol as that used for the hybrid particles, 
titania/PDMS hybrid films were prepared.  The preparation method was simple; the 
titania/PDMS hybrid sols, which included the partly co-hydrolyzed and co-condensed 
titania and PDMS, were deposited on a poly(ethylene) film and dried in air at ambient 
temperature for 1 day to remove the solvent and to complete the condensation of the 
alkoxides, and peeled off.  The obtained self-standing hybrid films were flexible and 
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transparent due to the high homogeneity in nanometer scale.  For the practical 
applications such as a coating film for plastics or metals, this synthesis method has 
advantages in the transparency, the versatility in composition and the easy operation. 
The thermal decompositions of the titania/PDMS hybrid particles and films were 
performed by the heat treatment at 400°C in air.  As a result, the hybrids were 
successfully transformed to the microporous materials.  The maximum BET surface 
areas were approximately 360 m2/g and 300 m2/g for the particles and the films, 
respectively.  The micropores were thought to be generated by the thermal 
decomposition of the organic groups of the PDMS part.  For the hybrid particles, the 
heat treatment at higher temperature was investigated.  Amorphous to anatase phase 
transformation of the titania domains in the hybrid occurred at 500 to 900°C, while the 
spherical morphology of the particles retained.  The micropores were collapsed at 
900°C due to the densification.  The heat treatment at 1200°C caused the anatase to 
rutile phase transformation of the titania domains and the growth of the titania 
crystallites.  On the other hand, the silica domains were still amorphous even after the 
heat treatment at 1200°C.  These obtained microporous titania/silica hybrid material 
have advantages to the conventional hybrids because the titania domains of nanometer 
scale are homogeneously dispersed in the silica matrices and a high concentration of 
titania can be achieved because of its flexibility in the composition. 
A metal oxide-silicone core-shell particle structure was also investigated.  The 
monodispersed ellipsoidal hematite particles with the size of 3.3 µm in major axis and 
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1.6 µm in minor axis, which were synthesized according to the reported method, were 
successfully coated with silicone by using phenyltriethoxysilane.  In the presence of 
n-hexadecyltrimethylammonium chloride, the thickness of the silicone shell was 
controlled by changing the concentration of phenyltriethoxysilane.  The core-shell 
particles had the hydrophobic character and good dispersibility in toluene due to the 
silicone shell.  As far as is known, this is the first study to coat hematite particles by 
the silicone shell of several hundred nanometer scale.  This silicone coating procedure 
using the ionic and hydrophobic interaction among the core particles, surface active 
agent and silane-coupling agent can be useful to construct the core-shell structure for 
other metal oxide particles. 
A core-shell particle that consists of a metal oxide core and an inorganic/organic 
hybrid shell was synthesized.  ZnO nanoparticles were coated with the titania/PDMS 
hybrid by hydrolysis and condensation of the titania/PDMS precursor sol on the surface 
of the particles in suspension.  The results of the evaluation of the hydrophobicity and 
the dispersibility in silicone oil suggested that these properties correlate to the 
composition of the titania/PDMS hybrid shell.  There can be various choices of the 
core particles and the inorganic/organic hybrid shells.  This is a new class of 
hierarchically designed composite material and it offers applications to develop 
functional materials with precisely controlled surface properties. 
Thus, the hybridization of metal oxides and silicones in various geometrical 
levels and controlled macroscopic morphology was successfully achieved by utilizing 
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various synthetic means.  The resulting hybrid materials possess various useful 
properties from both basic scientific and practical viewpoints, especially for cosmetics.  
The mechanical and optical properties of the materials were controlled by the 
hybridization in nanometer scale by the modified sol-gel method.  The surface 
properties of the metal oxide particles were completely altered by constructing the 
core-shell structures in a controlled manner.  In addition, microporous hybrid materials 
were obtained by the heat treatment.  The hybridization methods described in this 
thesis are applicable for creating tailor-made multi-functional materials for cosmetics 
and other applications. 
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